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XI. SATELLITE DESCRIPTXON 

I n  order  t o  e s t a b l i s h  a frame of reference f o r  t h e  following d i s -  

cussions of t h e  tc lemeter ing system, it scans l og ica l  t o  b r i e f l y  review t h e  

overall organizat ion of t h e  various satellites. 

repor t  may be fumi l ia r  only with ce r t a in  p a r t s  of  t h e  program, and even those 

persons fami l ia r  with t h e  overall program may f ind  a b r i e f  review helpfu l  i n  

following t h e  ensuing discuesionr .  

Some of the readers of  t h i s  

As t h e  p r o g r m  is now planned, a l l  t he  experiments w i l l  r i d e  t h e  

same s t a b i l i z e d  platform. 

design s tage ,  i t s  general  organization can be spec i f ied .  The platform w i l l  

incliide f a c i l i t i e s  f o r  s t a b i l i z a t i o n ,  guidance, power supply, and a f inde r  

system. 

Although t h i e  platform has not as yet  reached a f i n a l  

The s t a b i l i z a t i o n  and guidance sys tan  w i l l  probably involve s t a b i l i -  

zing j e t s  i n  t h r e e  axes, reac t ion  wheels i n  t h r e e  a x e s ,  and probably rate 

gyros i n  t h r e e  axes. The cont ro l  for  t h e  guidance sys tau  w i l l  probably be  a 

t e l ev i s ion  camera viewing a s m a l l  f i e l d ,  and ac t ing  i n  a closed loop system t o  

hold a p a r t i c u l a r  star in some very s m a l l  area of t h e  f i e l d .  

t h e  solar experiments it might be necessary t o  u s e  some form of i n e r t i a l  guidance, 

i n  which case pos i t i on  gyros in three axes w i l l  be required.  

The pswer aupply systun w i l l  probably cons i s t  of solar cells charging 

The f inde r  system w i l l  cons is t  of a t e l ev i s ion  

In t h e  case of 

some sort of storage batteries, 

camera viewing t h e  f i e l d  of a small te leecope,  and t ranomit t ing t h e  image back 

t o  ea r th ,  where it w i l l  be in te rpre ted  by an astronomer or a computer. One 

addi t iona l  requirement w i l l  be f o r  a number o f  t anp t r a tu re  ~ c n s o r s , t o  report  

on thermal condi t ions on t h e  satellite. 

AB to t h e  astronomical elements of the var ious experiments, only the 

Princeton and Smithsonian experiments w i l l  be considered. These two are t h e  
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most complex of  t he  various experiments, and any te lemeter ing system adequate 

f o r  them should be more than adequate f o r  t h e  o the r  experiments. 

The bas ic  element i n  the  Princeton un i t  w i l l  be a 24" t e lescope  

with a sl i t  spectroscope with 0.1A reso lu t ion  f o r  s tud ie s  of s t e l l a r  spec t ra  

i n  the u l t r a -v io l e t  region. 

f i v e  photo-multiplier tube6 with p u l r e  outputs.  

po la r  o r b i t ,  p lacing it i n  transmirsion range f o r  15 minutes, once every twelve 

hours.  During t h e  twelve hours that  t h e  un i t  is o u t  of s igh t  i t  w i l l  automatically 

scan a region of t he  spectrum i n  0 .1A s t eps ,  with an exposure t i m e  of 20 t o  160 

seconds i n  each in t e rva l .  The p u l s e s  from t h e  tube w i l l  be counted, and t h e  

t o t a l  count f o r  each in t e rva l ,  together  with t h e  i d e n t i f i c a t i o n  of  t h e  in t e rva l  

w i l l  be s tored .  The maximum number of b i t s  to  be  s tored  i n  a 12 hour period 

w i l l  be  180,000, a l l  of which must be t ransmit ted bock to  e a r t h  i n  t h e  15 minute 

per iod tha t  the satel l i te  is i n  s igh t .  

The transducers f o r  t h e  spectroscope w i l l  be  

This satel l i te  w i l l  be on a 

The Smitheonion u n i t  w i l l  cons i s t  of a c l u s t e r  of f i v e  8" te lescopes.  

Three of t hese  w i l l  be viewed by elow-scan TV c m e r a ~ ~ ,  t o  make a sky survey 

i n  t h r e e  regions of t h e  u l t r a v i o l e t .  The fourth ecope w i l l  have a slitless spec- 

t roscope a n d  w i l l  also b e  viewed by a TV camera. The f i f t h  ecope w i l l  be 

equipped with a photomultiplier tube f o r  photometric i n t e n s i t y  mcasurcments. 

This sa te l l i t e  w i l l  be on an o r b i t  incl ined a t  35 t o  t h e  equator,  and w i l l  be 

t racked by two s t a t i o n s  i n  t h e  United S t a t e s .  

e l l i t e  w i l l  be i n  transmission range for approximately 30 minutes out  o f  every 

100 minutes. There w i l l  be no s torage requirements f o r  t h i s  u n i t ,  as a l l  

mearuranents w i l l  be made while t h e  sa te l l i t e  i s  i n  transmission range, t h e  u n i t  

being inac t ive  during t h e  remainder of t h e  o r b i t .  

0 

With t h i s  arrangement t h e  sat- 

The function and models of operat ion of t he  telemetry and comnunication 
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system8 f o r  t h e  6atell i te can be8t be i l l u s t r a t e d  by a surrm~ry of t h e  events 

tak ing  place from t h e  time of t h e  launch t o  t h e  t i m e  t h a t  t h e  satel l i te  is 

a c t u a l l y  gathering data .  This summary is presented i n  o u t l i n e  form below and 

is t h e  in t e rp re t a t ion  of the syatan operat ion derived from t h e  published min- 

u tes  of  t h e  two meetings on t h e  0.  A. 0. project .  

LAUNCH TO ORBIT 

1. Telemetry Syatan Off 

It is assumed tha t  during t h e  launch a l l  t e l ane te r ing  vi11 be 

handled by t h e  launch vehicle .  However, t h e  satell i te telemetry 

system must be switched t o  a standby operation ready to receive 

conminds p r i o r  t o  separation from the launching vehicle.  

2. Minitrack System On 

The minitrack t ransmi t te r  may be off  during t h e  i n i t i a l  launch 

but must be act ivated imncdiately upon separat ion of t h e  satel l i te  

and laumch vehicle  t o  allow ground t racking of t h e  sa te l l i t e  t o  

determine when a s t ab le  o r b i t  has been a t ta ined .  

ORB IT 

A. I n i t i a l  S t ab i l i za t ion  

1. Teleanetry System on Connnand and Guidance 

The telemetry sya taa  would be enabled from t h e  ground and t h e  

course o t a b i l i r i n g  program s t a r t ed .  

would only be t h a t  per ta ining t o  guidance, cont ro l ,  and pover 

syat  an operat  ion. 

Telemetry da t a  t ransmit ted 

2. Data Television Syrtem Off 

It is assumed t h8 t  during t h i s  phase of t h e  s t a b i l i z a t i o n ,  

t h e  angular rate of t h e  platfonu w i l l  be too g rea t  f o r  t h e  TV t o  be  
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of any use. 

w i l l  be handled by t h e  regular  t e l a a e t r y  system. 

Information w i l l  come from rate gyros, e tc . ,  vhich 

B. Fina l  S t ab i l i za t ion  and Orientat ion 

1. Telemetry System on Command and Guidance 

Assume the s t a b i l i z i n g  progrrmn has progressed t o  the f i n a l  sta- 

b i l i z a t i o n  and t h e  senmors of i n t e r e s t  here  are d i f f e r e n t  than those  

used i n  t h e  i n i t i a l  s t a b i l i z a t i o n  phase. I f  s u f f i c i e n t  channels are 

ava i lab le ,  t h i s  telemetry s y s t m  node can be  t h e  same as t h e  

previous one and no change-over w i l l  be necessary. 

2. Pine Television Systar i  Off 

3. Finder Television System On 

The wide angle f inder  t e l ev i s ion  system w i l l  be used f o r  t h e  orien- 

t a t i o n  of t h e  platform and probebly for t h e  f i n a l  s t a b i l i z a t i o n .  

C. Data Gathering Phase 

1. 

2. 

3. 

Pine t e l ev i s ion  System On 

The f i n e  t e l ev i s ion  system would also be  used i n  the  f i n a l  s tages  

of t h e  platform o r i en ta t ion  t o  insure  tha t  t h e  der i red  image is 

centered on the  TV viewing f i e l d .  

Astronomical Data Program On 

This prograa would enable the various transducers in t h e  

experiment and start t h e  da t a  co l lec t ion .  . 

TelslPetry System on Amtronomical Data and CoaaDand 

Data telamatered i n  t h i s  phase should be a s t r a n m i c a l  data and 

cornnand ve r i f i ca t ions  concerning t h e  astronomical equipment 

and its functions.  
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111. RADIO PROPAGATION CHARACTXRISTICS AND FREQUENCY 

ALLOCATION CONSIDERATIONS 

The purpose of th i s  section of t h e  report is  t o  d i s c u s s  b r i e f l y  

f ac to r s  t h a t  must be considered i n  t h e  choice of operat ing frequencies for 

t he  various comunication systems in t h e  sa te l l i te .  

This discussion is based on t h e  following general assumptions; 

1. Ear th - sa t e l l i t e  coamunications are t o  be designed f o r  comrmni- 

e a t i n g  only when the  s a t e l l i t e  is within l ipe-of-s ight  view of t h e  ground 

e ta t iono .  

2. The conservation of power on the  satel l i te  while important , is  

of secondary importance t o  considerations of r e l i a b i l i t y .  Progress in power 

supply design and launch capab i l i t i e s  has been so great i n  recent years,  t ha t  

it is no longer necessary to worry about every m i l l i w a t t ,  as it was on t he  

f i r s t  satellites. 

3. Parameters chosen shortld represent s ta te -of - the-ar t  and not 

projected values.  

4. 

t h e  earM s atmosphere. Frequency selective "windows" appear i n  t h i s  propagation 

medium. The lower window between approximately l h c  and lOkmc w i l l  be chosen 

because otate-of-the-art  equipment e x i s t s  f o r  comnunication in t h i s  frequency 

spectrum. 

t h e  lower end by ionospheric absorption and r e f r ac t ion  and on t h e  upper end by 

tropospheric ( r a i n f a l l  and gaseous) absorption. 

Communication s ignals  t o  and from t h e  sa te l l i t e  nust pass through 

This "window" is not sharply defined on either end, being l imited on 

5 ,  Within t h e  lower window "free space" propagation losses  a r e  g i v m  

by t h e  re la t ionship  
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power del ivered t o  t ransmit t ing antenna 

receiving antenna pouar gain 

t ransmi t t ing  antenna power gain 

ma-eleagph 

d ia tance  between transmitting and rece iver  antennas 

The nature  of the experiment8 being performed from the satell i tes 

r equ i r e  that colmrunications be maintained under a l l  poss ib le  o r i en ta t ions  of  

t h e  satellite. Althbugh it is  t r u e  i n  general that t h e  satel l i te ,  once 

s t a b i l i z e d ,  w i l l  always point away from t h e  ear th ,  one of t h e  most important 

phases of t h e  program is t h e  i n i t i a l  s t a b i l i z a t i o n  and acquis i t ion  phase, 

during which d8ta  must be transmitted t o  t h e  ground and command s igna l s  sent  

to  t h e  saeellite. 

may be randomly or iented,  it is esecnt ia l  t h a t  a non-directional antenna be 

used for at leaat ce r t a in  port ions of t h e  system. 

Since t h e  vehicle  may be tumbling i n i t i a l l y  or a t  least 

The b8eic system of antennae t o  be used w i l l  be a fac to r  i n  determining 

t h e  opt imm R. F. frequency. Figure I i l lustrates  t h e  frequency ch8rac te r i s t i c s  

of t h ree  combinations of ground and satell i te antennas t h a t  could be considered; 

i so t ropic-d i rec t ive ,  ieotropic- isotropic ,  and di rec t ive-d i rec t ive .  The f ac to r s  

discussed above d i c t a t e  t h e  cboice of an i so t rop ic  antenna on t h e  satel l i te ,  

while a d i r e c t i v e  antenna i s  des i rab le  on t h e  ground, i n  order  to  increase t h e  

sys tan  gain. 

f igure is indicated.  

Thus t h e  use of an i so t ropic-d i rec t ive  ~ y s t o r ~ ,  Curve XI i n  t h e  

Having made t h e  bas ic  choice of antenna systern t h e  e f f e c t s  of noise  

Here several source8 of no i se  must be con- on t h i s  system may bo considered. 

s idered.  

1 .  T e r r e s t r i a l  Noise 

The bar i c  types can be categorized as follows: 
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A - Man made in te r fe rence  

B - Noise generated i n  t h e  receiver  equipment 

2. Extra Terrestrial Noise 

A - Solar noise 

B - Galactic noise  

Within each of t h e  major categories  t he re  a r e  many d i f f e ren t  

sources tha t  might be considered. However, many of these are insignifi- 

cant f o r  the present system and only the major sources of noise w i l l  be 

considered here. 

I f  it is assumed tha t  10 mc is  the lower l i m i t  of possible  f r e -  

quencies, then man-made sources of noicre are not a major problem. Only 

t h e  in te r fe rence  from coherent s ignal  sourcecr, such as harmonics from other  

t ransmi t te rs ,  should be considerad. This in te r fe rence  cannot be predicted,  

but must remain as a f ac to r  t o  be checked f o r  any given locat ion of t h e  ground 

s t a t  ion. 

The e f f e c t i v e  noise  power of t h e  receiver  input terminals can 

be calculated by reference t o  t h e  basic de f in i t i ons  of noise  f igure.  

Noise Figure = (S /N ) 

(So/No) 

i i  =i l ignal- to-noise  r a t i o  at t h e  inpub 
Signal-to-noise r a t i o  a t  t h e  output 

or  

"0 

k To BG 
Actual Noise at t h e  output 
Minimum Noise at t h e  output Noise Figure = P = 

where 
0 k = Boltzmann's constant8 = 1.374 x joules  per K 

To = 290 K 
0 
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caused by some equivalent noise pwer (Pni) at t h e  input mult ipl ied by t h e  

gain of the receiver (G). Then 

F =  ’niG - ’ni - -  
*OW =OB 

Note here t h a t  Pni cons is t s  of two components: (1) Johnson noise  i n  

the  input  termination (moB); (2) the noise contributed by o ther  f ac to r s  i n  t h e  

SyltaIl, (P,). n u 8  

F = R O B  + Pg = 1 + *U 

*OB *OB 

or 

Pn = (Ir-1) moB 

The noise  in t he  entire rystan can be considered t o  be due t o  an 

e f f e c t i v e  temperetute such th8t  

Pn = meB 0 (P 1) gT,B 

(1) Te = (P-1) To 

Here T, is t h e  “effective noiee temperature” of t h e  system, To is 

t he  reference temperature (290’ K) and P is t h e  overa l l  no ise  f igu re  of the 

combined systan. 

Noise f igures  for carcaded s tages  combine as 
.. 

whore: PL-3 = overa l l  noise f igure  of t he  3 stage system 

P1 = overa l l  noise  f i g u r e  of the l e t  s t age  
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Antenna 
Hp = 1, 

-io- 

Transmir 8 ion - Receiver 
P L i n s  -NF = P r  

P2 = overall noise  f igu re  of the 2nd stage 

F3 = overell noise  f igu re  of t h e  3rd etoge 

Gain = 1 #p = Pi 
Gain = l / A  

GI = overa l l  power gain of the  1st s tage  

G 2  = overa l l  power gain of the  2nd s t age  

Gain = Go 

G3 = overa l l  power gain of t he  3rd s t age  

The system under consideration cons i s t s  of t h e  block dlagram i l l u s -  

t ra ted  below: 

tance  e f f e c t i v e l y  assumes thermal equillbrium with whatever i t s  apera ture  is 

pointed toward. To be prec i se  t h i s  must  include t h e  e f f e c t s  of s i d e  lobes,  back 

lobaa, primary feed sp i l l ove r ,  e t c .  However, these  f ac to r s  do not become 

s i g n i f i c a n t  except when masers are being considered. For t h i s  system t h e  noise  

f i g u r e  of t h e  antenna may be wr i t t en  as 

Ta = 1 + -  To + Ta Fa = 
TO 

To = e f f e c t i v e  teatperatura of t h e  source viewed by t h e  antenna. 

A lossy network has an e f fec t ive  noise  figure because it serves t o  

reduce t h e  signal while leaving t h e  noise  level t h e  same, hence t h e  s ignal-  

t o  noise  r a t i o  at t h e  output is reduced. 

The noise f igu re  is given by: 

Q = - -  1 Attenuation = A 
Gain 
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. 
equation (2) 

The overall. noise figure can pow be determined by subs t i t u t ion  i n  

= (1 + 3) + , u l  + (Pr - l ) A  
TO 1 

= I -  T, + ?$ '1-3 
TO 

The e f f e c t i v e  noise temperature of t h e  syr tan  is given by equation 

Te = (Pi-3 - 1) To and aubet i tu t ing  f o r  '1-3 

Equat€on (4) i l l u s t r a t e s  how t h e  receiver  noise  f igure ,  transmission 

l i n e  loss between t h e  antenna and the rece iver ,  and t h e  noise  contr ibut ion 

due t o  t h e  antenna pointing a t  various black body r ad ia to r s  combine t o  cauae 

an e f f e c t i v e  noise  t a p e r a t u r e  of the receiving syttcm. 

Based on the  above equation it is possible to  p l o t  t h e  contr ibut ions 

of g a l a c t i c  noise  and receiver  cha rac t e r i s t i c s  i n  such a way as to  predic t  

at what frequency the minimum overall noise could be expected with present 

day equipment. 

concerning t h e  ava i lab le  noise  figure i n  s ta te-of- the-ar t  rece ivers  and 

transmireion l i n e  108s t o  be expected in a aystan configuration and how these  

To accomplimh this r e s u l t  i t  i r  necessary t o  makc assumptions 



1 
I 

-12a- 

FR€QU€NCY- MEGACYCLLS 
Figure XI. 
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not sharp, however, and only a 3 RE increase i n  system noise  should be ex- 

pected up t o  approximately 2000 w:. 

A t  t h i s  point  it vould 8eao t h a t  t h e  operat ing frequency c h e ~ e n  

ehould be near 150 mc and ce r t a in ly  t h i e  frequency affords  m y  advamtagee. 

Iever the lese  o ther  aystaorrr aapects enter  into the overa l l  p ic tu ta .  

Duriag operation with t h e  satellite t h e  antenna must be poiated 

ruch an t o  acquire t h e  transmitted signal from t h e  satell i te ae near the radio 

horizon a8 possible.  

during t h e  pars overhead. 

with 8 reasonable bandwidth antenna it w i l l  be poss ib le  t o  point the antenna 

a t  t h e  horizon where the  ratell i te rhould appear  and let automatic t racking 

tdte over as soon 8s t h e  receiver o i g n d  r t rcngth  reacher a c e r t a i n  minimum 

level. 

s t i l l  ba por8ible  f o r  au operator to  nutnually &rack t he  satell i te during t h e  

"pass". 

After acquis i t ion it murt continue t o  t rack  t h e  satallite 

The satellite o r b i t  w i l l  be knovn t o  t h e  extent  t h a t  

Xowever, i n  t h e  event of antenna t racking  systom f a i l u r e  it should 

This I s  only poss ib le  with antenna beomwidths that arc not too narrow. 

FigureIIZ is  a p l o t  of path dfotance t o  the satell i te and angular 

ve loc i ty  of t h e  satel l i te  f o r  a typical  500 m i l e  c i r c u l a r  o r b i t .  

be noted that the maximum angular tracking ve loc i ty  is shown as approximately 

1 / 2  degree per  sec. This implies that  v i t h  an antenna beamwidth of So, it vould 

take  only 10 seconds f o r  the satel l i te  to pass thru t h e  beam o f  the antenna when 

It is to  

it is vertically directed.  Since the choice of antenna size is a compromioe 

between beamwidth and gain,  a reasonable middle-of-the-road f igure  appears t o  be  

t h e  5.25' beamwidth, with an attendant 30 DB gain f igure .  

Having made this choice of antenna parameters, s i z e  01 a function of 

frequency t o  achieve thfe beamwidth and gain (assuming a parabolic antenna) 

i o  p lo t t ed  i n  Figure XI. 
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The advantage of w i n g  t5e  higher frequencies, 1000 mc  and above, 

becomes very attractive i n  view of r e l a t ive  a n t ~ ~ i 1 3  s i z e  required. 

I f  consideration i s  a l so  given t o  future  developments i n  communica- 

t ion ,  with t h e  though i n  mind t h a t  equipinant developed on t h i s  program w i l l  

find fu r the r  u s e  i n  f u t u r e  space programs, than t h e  fu ture  of t h e  lov-noise 

parametric ~ L l f i e r s  should be conridered. 

near fu tu re  these  grmplifierr w i l l  be readi ly  avai lable ,  at least for 

frcquenciea 8bove 1000 m c .  

i n  p lo t t i ng  Figure 11 w i l l  no longer be valid.  

d r a s t i c  dip i n  this frequency range down t o  approximately 1000 I: and t h e  choice 

of operating frequency vi11 then obviously be wherever these  amplifiers can be 

used. With this thought in mind, the  most 8couoCnic.l choice of operating fre-  

quency for t h e  present equipment would appear to  be near t h e  high frequency telane- 

tryband &ere advantage of t h e  low noise enp l i f i e r s  can be real ized i n  t h e  

fu ture  without complcto revision of the equipment. 

it may be economical 

ment f o r  th ir  program i s  f i n a l l y  designed and b u i l t .  

It appears tha t  within the very 

Whm t h i s  i o  true t h e  ava i lab le  noi re  f igures  used 

Instead the  c u m  w i l l  shav a 

It is even possible  that 

t o  use t h i s  low noise amplifier by the t i m e  t h e  equip- 

The actual  choice of BI frequency f o r  t h i e e a t e l l i t e  progrra! must be  

governed by the economics of time and money. If t i m e  and money are avai lable  

then choosing t h e  Blr frequency i n  the IRXG t e l ane t ry  band of 2200-23- vi11 

o f f e r  many advantage8 to thi r  and future ap8tam8 of a 81oDil8r nature. me d i s -  

advantaga of t h i s  choice l io r  i n  the f a c t  that tho dovelopmant of equipment f o r  

operation i n  t h i r  frequency bamd h a  laglled that i n  the lower t e l r r e t r y  fro- 

quency bandr. The reaul t  is that coasidorabla development mone9, and conse- 

quontly time, vould be necessary t o  reuliro mrking  components for t h e  satellite 

and ground eyetans. 
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The next moat log ica l  operating frequency woiild be approximately 

275 XC. This frequency l ies j u s t  above t h e  XRIG Telemetry band of 216-260 MC. 

The 216-260 MC spectrum should not Le used f o r  t h i s  program because of t h e  

missla test range a c t i v i t y  t h a t  is already overcrcwding t h i s  band. Much 

equipment has been developed f o r  operation i n  t h i s  p a r t  of t h e  spectrum; 

engineering experience on equipment o f  t h i s  type is p l e n t i f u l .  

t h e  equipment necessary could be off-the-ohelf equipment, s ince  t h e  range of  

op t r a t ion  could probably be made t o  extend t o  this frequency with l i t t l e  o r  no 

modification. The net  r e s u l t  of  choosing t h i s  frequency f o r  operat ion vould 

be t o  r e a l i z e  an operating 8yStBn, compatible with present telemetry sy8taas,  

at a reasonable cos t  and at an earlier d a t e  than might be poerible  with an opera- 

t i n g  frequency of 2200-230031C. 

A good share of  

The t h i r d  choice of operating frequency would be  near 150 M e ,  a t  which 

frequency t h e  minimum overall receiver no i r e  is r ea l i zed  and hence minimum satc- 

l l i t e  power is required. The amount of  power, and hence sa te l l i t e  weight, saved 

over t h8 t  required f o r  t h e  o the r  frequencies w i l l  not be grea t .  However, t h e  

cost  per  pound of t h e  satel l i te  w i l l  be, and i f  t h e  g r e a t e s t  ove ra l l  economy is 

important, then it may be necessary t o  operate  i n  t h i s  port ion of  t h e  spectrum. 

There are tvo o the r  propagation f ac to r s  t h8 t  should be considered -- 
po la r i za t ion  and multipath e f f e c t s .  Xultipath fading e f f e c t s  can be expected 

t o  be most de le t e r iou r  whon t h e  sa te l l i t e  is near t h e  horizon. A t  t h i s  t i m e ,  gra- 

zing angles become favorable fo r  e f f i c i e n t  r e f l e c t i o n  t o  t ake  place.  This 

may r e s u l t  i n  l a r g e  f luc tua t ions  i n  t h e  s igna l  s t r eng th  as t h e  phase of t h e  

* 
t h a t  t h i s  i s  t h e  operating frequency cho8en by NASA f o r  t h e  i n i t i a l  phase of 
t h e  program. 

Information received j u s t  p r i o r  t o  t h e  f i n a l  d r a f t  of t h e  repor t  i nd ica t e s  
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r e f l e c t e d  s igna l  a l t e r n a t e l y  reinforces  and cancels t h e  d i r e c t  e ignal .  A 

t y p i c a l  p l o t  of t h i 8  s igna l  s t rength  va r i a t ion  i s  shown i n  Figure V. The 

presence of m d t i p a t h  i r  characterized by a series of sharp n u l l s  occurring 

i n  the  s ignal  s t rength  and appearing as shor t  bu r s t s  of noise  i n  t h e  rece iver  

output  as t h e  s igna l  l eve l  drops below system thrashold.  

Space d i v e r s i t y  may be used t o  Counteract these f luc tua t ions  i f  t h e  

at tendant  cable  less can be to le ra ted .  However, If adequate antenna height 

i s  u s e d ,  t h i s  fading w i l l  be  no worse than t h e  m a x i m u m  of  t h a t  f o r  Rayleigh 

fading, f o r  which allowance must  be made i n  t h e  system design i n  any rase. 

The satellite o r i en ta t ion  must be consldtred as random, hence the  

This means po la r i za t ion  of t h e  t ransmit ted wave must be considered random. 

that the  anteano oywtao muat be capable of receiving l e f t  c i r cu la r ,  r i g h t  c i r -  

cu l a r ,  hor izonta l ly  or v e r t i c a l l y  polarixed waves. To r e a l i z e  e f f i c i e n t  re- 

cept ion under there condition8 of random polar iza t ion ,  po lar iza t ion  d i v e r s i t y  

should b e  used. Antenaar with feed systems such as t h a t  used on t h e  TU-18 

adapt very e a s i l y  t o  a polar iz8 t ion  d ive r s i ty  system. 

di tono would t h e  signal-to-noise ratio t h a t  is  rea l ized  be worse than a s y e t g l  with- 

out d i v e r s i t y ,  and under equal eignal conditione i n  t h e  two channels 3 DB sianal- 

to -noi re  r a t i o  improvaaeent can be obtained. 

can be expected t o  counteract ,  to  a c e r t a i n  extent, t h e  sharp n u l l e  i n  s igna l  

s t r eng th  shown i n  Figure V , s i r c e  the loca t ion  of t h e  n u l l s  is a function of  t h e  

type of po lar iza t ion  being received. 

impos8ible t o  p red ic t  with any accuracy. 

Under no operet ing con- 

I n  addi t ion ,  po la r i za t ion  d i v e r s i t y  

However, t he  extent  of t h e  improveolent i o  

Host of t h e  fading t h a t  occurs on paths  not subject  t o  r e f l e c t i o n  

is  t h e  r o r u l t  of i n t e r f e rence  between two or more r a y s  t r ave l ing  d i f f e r e n t  paths 

i n  t h e  atmesphcrt. This type of multipath e f f e c t  i s  r e l a t i v e l y  independent 
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o f  t h e  height of t h e  path above t h e  ear th ,  and its extreme condition approaches 

a Rayleigh d i s t r i b u t i o n ,  and hence is f requent ly  re fer red  t o  simply as "Rayleigh 

fading". 

value of  the f i e l d  s t r eng th  is  grea te r  than t h e  value R is  exp-(R/Ro), where 

I n  t h e  Bayleigh d i r t r i b u t i o n  t h e  probabi l i ty  t h a t  the instantaneous 

is t h e  RMS value. Thi6 d i s t r ibu t ion  is  p lo t t ed  i n  l i g u r s  V I .  

I n  order  t o  make allowance f o r  mult ipath fading on a transmisrion 

l i n k  it is necessary to  increase the  t ransmit ter  output power by a f a c t o r  

t h a t  w i l l  provide t h e  degree of transmiaeion r e l i a b i l i t y  desired.  

i n  t h e  t rananieeion c i r c u i t  being considered, 8 99 Z r e l i a b i l i t y  f igu re  would 

be a reasonable choice. 

t h e  des i red  value. 

r equ i r e  t h a t  an 18 DB fading margin be added t o  t h e  RF power calculated from 

o the r  considerat ions.  

Conclurionr 

For instance,  

I n  t h i s  caoe, 1'1. of t h e  t i m e  t h e  s igna l  w i l l  be below 

Fran t h e  graph of t he  Rayleigh d i s t r i b u t i o n  t h i s  vould 

The reconmended frequency of sa te l l i t e  operat ion is i n  t h e  IRIG 

te lemetry band of 2200-23OOHc. 

of small r i z e  may be used along with inaser ampl i f ie rs  t o  r e a l i z e  as much as a 

10 t o  1 reduction i n  satel l i te  RF pover over t h a t  required at o the r  frequencies. 

Whether these  advantages can be real ized w i l l  be governed by t h e  OAO Schedule 

and budget. 

frequencies i n  order  t o  m e e t  t h e i r  schedules, while t h e  la ter  and more complex 

satellites may be in tegra ted  i n t o  a system opera t ing  i n  t h e  2200-2300 HC 

range. 

I n  t h i e  epectrum high gain t racking antennas 

Conceiv8bly, t h e  i n i t i a l  satellites may opera te  a t  t h e  lower 

Polar iza t ion  d i v e r s i t y  should be used f o r  t h e  receiving antenna system 

i f  t h e  attendant cost can be to le ra ted .  

t h e  sa te l l i t e  requiranante it  does provide addi t iona l  comnunication r e l i a b i l i t y ;  

While it does not ma te r i a l ly  decrease 
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a feature that is always desirable. 

The fading margin allowance for this c m u n l c a t l o n  system i s  

rather arbitrary. A good compromise, and the value recommended, is 18 DB. 

This value w i l l  provide a signal strength at the radio horizon which is above 

the minimum value 99Z of the t i m e .  

climbing above the horizon, commtnication a b i l i t y  w i l l  improve beyond this 

value 

As the s a t e l l i t e  continues its pass, 
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XV.  MODULZTXO?? AND MnrIPLMING 

While it is  beyond the sccpe of this report  to anal)rze i n  d e t a i l  t h e  

advautages and disadvantages of al l  the scheues of eodulat ion and multiplexing 

that  are avaiLable, a choice of a basic system can be made based on t h e  work 

a l ready  done i n  this area. I n  order t o  do this it is necessary t o  first out- 

l i n e  the r equ i r emen t s  and objectives of t h e  system.  

Requirements and Objectives of the Telemetry S y s t m  

1. The power requirements of t h e  satel l i te  will be t o  a l a r g e  extent  

dependent upon t h e  power requirements o f  t h e  telemetry system used. Therefore, 

pover ef f ic iency  and hence comnunication e f f ic iency  are inportant. 

2. The satel l i te  mast have g rea t  longiv i ty  if t h e  missions of the 

wpcrimenters are t o  be real ized.  This means t h a t  the system must operate  

for an  extended period of time without adjustments even under repeated t u r n  

on and turn off (standby) control  of power t o  t h e  un i t .  

3 .  To be  a b m i c  telemetry system f o r  t h e  O.A.O. satel l i te  program, 

the system must have a g rea t  dea l  of f l e x i b i l i t y .  That is ,  it must be r ead i ly  

adaptable  t o  various degrees of multiplexing, including both super and sub- 

comnuntation without major sys t aa  design changes. This is necaseary i f  t h e  

system is t o  adapt r ead i ly  t o  t h e  requirements of the d i f f e r e n t  experiments. 

Economically it is not advisable  to  undertake a completely new 4. 

development i n  a program of t h i s  type unleos it i o  absolutely necasrary for 

successful  completioii of t h e  project .  I n  view of t h i s ,  t h e  bas ic  telemetry 

system should be one that has been tested and proven wherever possible .  

With these  points  i n  mind t h e  various schemes of modulation 

and multiplexing may now be compared. A thorough ana lys i s  and comparison of 

t hese  methods have been completed by Nichols and Rauch" and is tabula ted  i n  

Table I., t h e  following page. 
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Table I. Comparison of Telmetry S y a t a a o  

Type Threshold RF Power Information RF Bandwidth 
Carrier to (Re1 at ive Efficicncylt in lCC for 
Noise Ratio to  PpH/At4 1000 CPS 
i n  Terms of Signal 
AM Standard 

1. 
2. 
3.  
4. 
5.  
6. 
7 .  
8. 
9. 
10. 
11.. 
12. 
13. 
14. 
15. 
16. 

200 
2 60 
280 
3 70 
580 
610 
610 
660 
740 
7 70 
789 
790 
8 30 
860 
3150 
9600 

1 .o 
1 . 7  
2 .o 
3.4 
8 . 3  
9 . 3  
9 .3  

11 .o 
14.0 
15 .o 
15 .o 
16.0 
17.0  
18.0 

250.0 
2300 

3.17 
0.24 
0.21 
0.21 
0.050 
0.045 
0.045 
0.036 
3.030 
0.026 
0.028 
0.035 
0.055 
0.023 
0.073 
0.24 

76 
18 
20 
18 
85 
93 
92 
110 
140 
150 
150 
94 
50 
185 
18 
9.5 

* H6re information efficiency is defined as the ratio of the information capacity 
of the output signal  channel t o  the infomation capacity of the modulated s igna l .  
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This t a b l e  is based on an individual channel signal-to-noise 

r a t i o  of 100 to  1 and a total  information bandwidth of 1000 cps. 

Of t h e  s ix teen  t e l m e t r y  systens l i s t e d  i n  t h e  t a b l e  those using PQ4 

PCW is one of t he  p r a c t i c a l  de- stand out  above a l l  o thers  except f o r  ?PM/AX. 

velapments t h a t  has been made i n  more recent yea r s  and is  one t h a t  coincides 

c lose ly  with theo re t i ca l  predict ions of information theory. 

recent systQns have been used which come c lose r  t o  r ea l i z ing  theo re t i ca l  t rans-  

mission e f f i ~ i e n c i e s ~ ~ ,  PQ4 is more highly developed and s ta te-of- the-ar t  equipment 

ha6 m e t  t h e  requirements of tho  space age. 

While o the r  more 

In  addi t ion t o  t h e  fac t  tha t  ?a systems exhib i t  good comnunication 

e f f i c i enc ie s ,  they are d i g i t a l  systems and have a l l  t h e  inherent advantages of 

d i g i t a l  c i r cu i t ry .  Dig i ta l  c i r c u i t s ,  once properly designed, do not need readjust-  

ment. 

Accuracy and r epea tab i l i t y  of d8t8 are excel lent  i n  a d i g i t a l  system 

of t h i s  type. State-of-the-art  PQ4 equipment f o r  a i rborne appl ica t ion  cons is ten t ly  

preduces 0.1% accuracy under conditions of vibra t ion ,  accelerat ion and temperature 

environment extremesr., This accuracy  reprraents  a t  least a 10-to-1 inprovanent 

over the best  analog systems. 

Time-division rnultiplexing v i t h  IQ4 system8 i s  extrenely f l ex ib l e ,  

a l l cb ing  both super and sub-coranutatioa rout ines  t o  be establ ished at t h e  d i s -  

credion of t h e  experimenter, i n  accordance with t h e  da t a  sampling rates required. 

Systems have been b u i l t  with approximately 100 channels of da ta  operating with 

f u l l  scale s e n s i t i v i t i e s  as low as 10 m i l l i v o l t s .  

Conrnunication using a binary coded d i g i t a l  s igna l  has many advantages 

over a system i n  vhich analog s igna ls  are t o  be transmitted.  

d i g i t a l  system only two levels are used f o r  encoding a l l  information. 

In t h e  binary coded 
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Therefore,  all c i r c u i t s  i n  t h e  comunication system a r e  dtsigntd t o  operate  at  

two d i e t i n c t  l eve l s ,  r e su l t i ng  in considerable simplification of c i r c u i t  de- 

sign problems througheut the Irystem. 

syatetc may be uuch lcver t h a  in an analog system of equal accuracy. 

PCM system, in f a c t ,  has an overall threshold d i f f e r e n t  from the aaahg system. 

I n  m08t analog eystenrs once above the de tec t ion  thrashold incraasiag the  sianal 

e igna l - tc -noise  ratio a t  the input t o  the  rocciver w i l l  increase  t h e  sigaal 

t o  wise r a t i o ' a t  the output i n  a lfneor mmnaer. 

sion c i r c u i t  follows t h e  de tec tor  which has a threshold e f f e c t  d i f f e r t n t  

from t h e  d Q t C C t O t .  The threshold i n  t he  decision circuit i s  reached when in- 

rreasing the signal- to-noise  r a t i o  a t  t h e  i n p u t  has l i t t l e  o r  no e f f e c t  on the 

e r r o r e  or  output e ignal- to-noire  ratio.  

15 t o  20 DB. 

once above 

cept ion is possible. 

c i r c u i t  is t he  g r a n d a t i o n  of the signal due t o  the f a c t  it had t o  be quant fz i td  

in order  t o  code it for transmission. LE the receiver  signal is t o  be retained 

in i t a  d i g i t 8 1  form, this quantization noise La not a f a c t o r  f o r  considerat ion,  

Thir fact will become more clear in later analysis. 

Signal-to-noise r a t i o s  i n  the d i g i t a l  

The 

With the PCM oystua a deci- 

Thio threeheld t s  i n  the v i c i n i t y  of 

The result of these two thresholds i n  the PQl ryatan ir that 

a certain minfmuia stgnal- to-noise  ra t io ,  c e s e n t i a l l y  error f r e e  rt- 

The only a o i s t  t h a t  can be considered beyond the docieion 

The basic PQf t i m e  d iv is ion  multiplex can be used vith severa l  d i f -  

ferent type* of BF modulation including AM, PH, and FH, 

IM or  Pi4 is t h e  logical choice. The modulator required for  e i t h e r  FM or Fd 

can be smaller ,  hence l i g h t e r  vrf@t, and censume less satel l i te  power than 

the An type. I n  addi t ion,  t h e  m t u r a l  suppression of atmospheric noise and 

adjacent channel interfereace by t h e  l i m i t i n g  ac t ion  of the raeeivcr c i r c u i t s  

make PM 8nd pcd more a t t r a c t i v e  for r e l i a b l e  conaunication systems. 

Of these, e i t h s r  
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I n  any system tha t  has t w o  thresholding e f f e c t s  t h e  most e f f i c i e n t  operation 

is  obtained when t h e  system parameters are adjusted so t h a t  both thresholds 

are overcome simultaneously. In the PCH/FH system t h e  parameter can be 

adjusted to  optimize t h e  systaun i s $  , t h e  FM deviat ion ra t io  defined as.@gAf - 
fm 

wheredf  = Haximum frequency deviation of t he  It? carrier 

f = Maximum modulating frequency. 
m 

The method of optimization and the  r e s u l t s  obtained a r e  i l l u s t r a t e d  

i n  t h e  analysis  t h a t  follows. 

Analysis of Optimum Deviation Ratio 

The optimum deviat ion r a t i o  and hence the receiver  predict ion band- 

width may ba determined by a systematic method of matching signal-to-noise ratios 

i n  the  rece iver  system t o  achieve simultaneous thresholds i n  t h e  FM discr iminator  

and t he  PCM decoder. Referring t o  the  block diagram of Figure -11, t h e  s ignal-  

to-noise ratio a t  the output of t h e  PCH decoder, So/No, may be in te rpre ted  

d i f f e r e n t l y  depending on how t he  signal i s  t o  be used. I f  t h e  output is  t o  be 

- -1 

h _  ' I  

an analog signal then So/No w i l l  contain noise  due t o  quantizing t h e  s ignal  

and an equivalent no ise  (e r ror )  because of missing (or wrong) b i t s  in t h e  d i g i t a l  

s ignal .  When the  output is an analog s igna l  t h a t  results from decoding a series 

of d i g i t a l  words the expression f o r  the  output s ignal- to-noise  power r a t i o  caused 

by a f i n i t e  input signal-to-noise r a t i o  is: 
13 

2 r 

where: 
L 

r 2  = ($) = Power r a t io  at t h e  input 
V 
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T = Duration of a coded word 

,U = 

fo = Cutoff frequency of the output f i l t e r  = ,E. for a typical  

Number of code pulses in  T 

T 
matched f i l t e r  case. 

m = Degree of modulation, assumed = 1.0 

The equution is plo t ted  in Figure 4. Also noted on t h e  graph is 

t he  no i se  at the  output t h a t  r e s u l t s  from the  granular i ty  of sampling and 

quantizing a rfgnal.  This noise  level is given by: 

This latter expression for noise i o  based on t h e  assumption that t h e  

input signal-to-noiee r a t i o  t o  t h e  decoder is w e l l  above the PQ4 threshold 

andttfisonly contribution to  t h e  o u t p u t  noise  i s  j u s t  t h a t  caused by the  mini- 

mum quantizing increment. 

PcrJ system then t h e  input s i p a l - t o - n o i s e  r a t i o  for met e f f i c i e n t  operation 

i s  tha t  signal-to-noise input r a t i o  t h e  makes t h e  output s ignal- to-noise  

r a t i o  j u s t  equal to t ha t  which results from quantization nalse alone. 

output noise  w i l l  then be the sum of t ha t  caused by t h e  Lnyut noise and the 

quuntization noise  or twice t h e  noise power t h a t  would r e su l t  from e i t h e r  e f f ec t  

alone. 

3 DB. 

'If an analog output s ignal  is  desired from t h e  
I 

The t o t a l  I 

The resultant output signal-to-noise ratio should therefore  be reduced 

In  the  PQf system baing considered here  the decoder s e ~ e 4  only t o  

make t h e  decision as t o  whether B "onet* or a "zero" has been received. The 

output is thus t h e  binary coded d ig i t a l  word t h a t  was transmitted,  i f  no decision 

errors arc made. f n  t h i s  case noise as such does not have meaning, Instead 

it is customary t o  measc re  the quality of t k  output s ignal  i n  terms of the  I 



J 

i 

-258- 



- 26- 

number of r igh t  and wrong code pulses t h a t  have been received, hence error 

rute or bits-without-error is a measure of t he  qua l i ty  of d i g i t a l  t rans-  

miesion when t he  informstion rumins  i n  d i g i t a l  form. 

30 provide quani ta t ivs  answers t o  t h e  question of what noise level 

is t o l e r a b l e  in a P a  d e a d e r  circzit it is necessary t o  analyze in grea ter  

d e t a i l  t h e  mechanism f o r  deciding whether a "one" o r  a "zero" is present 

i n  t h e  incoming d i g i t a l  code. 

Assume f i r s t ,  8 binary type on-off PQ4 system i n  which pulses reprc- 

sen t  "1's" and no pulses  represent l'O~epe. 

of the r ece ive r -  f luc tua t ion  noise is added t o  t h e  incoming group of Bp 

pulses.  

This f luctuat ion caueea error i n  the decis ion a b i l i t y  of t he  decoder, An 

e r r o r  w i l l  occur in t h e  absence of a pulse  i f  t h e  amplitude of t h e  noise, a t  

the  in s t an t  t ha t  the decir ion is made, i o  g rea te r  than t h e  decision level .  

An error w i l l  be made in t h e  presence of a pulse s ignal  i f  t he  noise is of 

opposite po la r i ty  and of su f f i c i en t  amplitude t o  d r i v e  t h e  s igna l  below t h e  

decis ion level. 

I n  the se lec t ion  bondpass systan 

The Bp signal is then demodulated and presented t o  the PQf decoder. 

I n  the  first case the decoder would have decided a "1" was present 

when ac tua l ly  a W" was t r a n m i t t c d  and i n  t h e  second case t h e  decoder would 

have aenued a 0Q9 when ac tua l ly  a "1" was present.  

Assume that the f luctuat ion noise a t  the  input t o  t h e  decoder is 

Gaussian with mean value equal t o  zero and t h a t  t h e  amplitude of the pulse 

eignal is  A, volts. 

volts. 

t he  decoder. 

t he  probabi l i ty  that t h e  amplitude of t h e  noise w i l l  exceed + & / 2  volts 

and be mietaken for a ('14*. 

The decision level i n  the P a  decoder is set a t  A,/2 

Assume first a Wp is  seat so t ha t  no pulse exists at the input to 

The probabi l i ty  t h t  an e r r o r  i n  decision w i l l  be made i8 j u s t  

If the  vol tage a t  the input t o  t h e  decoder is 
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f 

designated as v (t) then the probabi l i ty  of art e r ro r  is j u s t  the  probabi l i ty  

t h a t  v ( t ) )  A /2 which is given by t h e  arra under t h e  probabi l i ty  d e n s i t y  
C 

CEI?J@ fm &/2 t o  00 , 
2 

P (etOtl error) = P (v (t)) A /2) 
C 

2 &ere,> = (rms mise voltage) 

P i c t o r i a l l y  t h i s  is represented by t h e  shaded area in Figure Xa. 

Assume new that a "1" is transmitted.  It will appear at the input 

t o  the  decoder as A vo l t s  plus  superimposed f luctuat ion nofee. 

plus  noise w i l l  have a m e m  value of A, volts and the probabi l i ty  densi ty  

function i e  given by 

The s igna l  
C 

The s igna l  plus  noise will be higher than the cl ipping leve l ,  A,/2 

unless t h e  noise is negative and of an amplitude grea te r  than the  Ac/2 such 

as t o  reduce t h e  total signal t o  less than t h e  decieien leve l .  

The probabi l i ty  of error  i r  thus j u s t  t he  area of the probabi l i ty  

densi ty  function t h a t  lie8 below Ac/2 volts is given by, 

This probabi l i ty  is i l l u s t r a t e d  by t h e  shaded area in Figure Xb. 
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This probability is the same as the probability that noise 

negative than - Ac/2 volts, as ie illustrated by letting X 

"2 

alone w i l l  be more 

= v - A c  

and it can be seen that the two area are equivalent, and that the probability 

of mistaking a Wt for a "1" is equal to the probability of mistaking a "ltt for 

a "0" i f  the !mise is random with Gaussian Distribution and mean zero. 

If the probability of a "1" or a @We appearing in the message is 

equally likely, P (1) = P (0) = .S, as is the general case for data transariesion, 

then setting P (e*l'9 error) = 0 (W" error), the total probability of error 

becomes 

P (error) = P ("1" error) = P (9W error) 

If the bipolarity pulses are sent a6 recommended by I R l G  standarde, 

their amplitude can be - 4 / 2  and + 4 / 2 .  The decoder tbra must decide whether . 

the instsatoneme e m  of the s i g d p l u 8  noise is positive or negative. Thaprtaba- 

bility of a decirion error fer a "18' transmitted (assuming a "1" is Bent as + Ac/2 

which is the  same as the case for t h e  undirectional pulse of amplitude A,. 

Similarly the probability of error for a bipolar "0" of amplitude - Ac/2 is the 

game as the probability previously derived. Curves drawn for the probability 
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of error vergus eignal t o  noise ratio will apply for either case if the proper 

abscissa is chosen. 

lor a t o t a l  voltage swing of A, volts i n t o  t h e  PQ4 decoder it i o  neces- 

sary t o  know the  average power and rm voltage in t h e  signal waveform. 

t h i s  information t h e  probabi l i ty  curves can be plo t ted  in t h e  most useful 

form. 

With 

Xn t he  binary coded pulses two p o s s i b i l i t i e e  are evident: 

(1) With on-off signals, the on signal  i s  Q pulse of amplitude Ac volts. 

The decoder decision lwel i e  set t o  make t h e  decieion a t  4 / 2  volts. 

peak power of the s igna l  is Ac2 i f  it i e  assumed t h a t  t h i s  power is dissipated 

in a one a b  load. 

The 

I f  the signals  "1" and "0" are equally l t k c l y  then the  aver- 

agZe power is j u s t  one-half t he  

L 

The nne voltnge is, 

peak power or 

- Ac2 - - 
2 

(2)  I f  plus  aad minus purees of aapl i tude + Ac/2 and - &./2 are sent  in- 

stead,  t h e  decoder makes the  decision on the p o l a r i t y  of the  instuntanems 

voltage. 

Assume again t h a t  1*l's81 and "0' st' are equally l i k e l y ,  then the peak 

power i n  a one ohm rco ia tor  is, 

Comparing the r c su l t~s ,  less power i e  required for t h e  plus-minus transmission 

with the same probabi l i ty  of error out of the  decoder. 

preferred method of t r m d s r i o n .  

Hence, this is t h e  
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I f  i t  is equally l i k e l y  that  't118tt surd @IO1stl w i l l  be tranamitted then, 

2 

which may be wri t ton aa, 

z =  v 
f 
- 

P (2) = percentage of time v lies above 4 / 2  

Q (Z) = percentage of t i m e  v lies below %/2 

= Ac/2 = nus signal-to-noise r a t i o .  

Valuer of Q ( Z )  are tabulated in t a b l e s  of t h e  Normal Dis t r ibu t ion  

Function. 

(!ME) 

has raplaced A c / 2 6  f o r  the input lllp8 signal- to-noise  r a t i o .  

The rec iproca l  of Q (2) is t h e  desired quant i ty ,  bits-without-error 

d n d ,  is she- p lo t ted  in l i gu re  XI where t h e  nota t ion  S,llYv .- 

Of i n t e r e s t  here  is t h e  so-called "Mf threshold." For the case rhown 

the  threshold might be defined a8 being in t h e  v i c i n i t y  of 12 DB input s ignal-  

to-noise r a t i o .  

e r r o r  decreases by 100 t o  1. 

number of b i t e  without e r r o r  increases by nearly 1000 t o  1. 

decrease i n  error rate f o r  a s m a l l  s ignal  l eve l  change. 

approximately 15 Dit signal-to-noise ratis  t h e  e r r o r  rate is so eppall 8s t o  be 

nearly in s ign i f i can t ;  thus the  so-callad PQf threshold.  

If t h e  signal-to-noise ratio f a l l s  by 3 DB the .bi ts-without-  

I f  the  input e igaal  l eve l  is raised by 3 DB t h e  

A signflcent 

However, once above 
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9 As a design parameter a bits-without-error (BWE) of 10 will be 

"f 

1 

to  the decoder of 15.6 DB. 
VI%? 

chosen requir ing an input S 

Having chosen the minimum signal-to-noise ratio at t h e  input t o  the  

PCM decoder (output of t h e  F'M discriminator) it is now poss ib le  t o  examine the 

a f f e c t  t h a t  t h e  p a r m e t e r s  of the FM system have on t h i s  discr iminator  output 

signal-to-noise ratio. 

In order  to write an expression for a frequency modulated s igna l ,  it 

is necessary to change the concept of frequency s l i g h t l y .  Normally we write 

for a cosine wave of frequencyQc, 

f ,(t)  = c o s e ( t )  = C 0 8  (GI t +eo) 
C 

w h e r e i n M t )  is a linear t i m e  variant with constant d a r i v a t i v e d C .  

for PM,8( t )  is not a l i n e a r  function of time and hence i t s  de r iva t ive  is not 

However, 

a constant but a funct ion of the modulating s igna l .  To el iminate  t h i s  d i f f i -  

cu l ty  and still maintain the  concept of frequency, def ine an instantaneous 

angular frequency Wi such that 
- - 

d b(t)J 
dt  

' W i  g 

i et 

@(t) = O c t  +eo i kl f ( t )  

where f(t) is the modulating signal. 

I f  ICl is constant, this i s  phase modulation s ince  the phot32 of fc(t)  varies 

l i n e a r l y  with the  modulating signal. Now l e t  the frequency vary as a function 

of time and such t h a t  

then 
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and t h e  phase of f,(t) variaa as t h e  in t eg ra l  of t h e  d u l a t i n g  s ignal .  

PM signal of i n t e re s t  is  f c ( t )  when 

The 

(t) 

t + c k f ( t )  d t  0 2  ( t )  = 
C 

For a simple analysis let the tmdulating signal be a sinusoid with 

frequency 

a, = 2l'f,D 

f ( t )  = a cosW,t 

then 

W i  =idc + A(*)cosdmt *ere .W= 2rAf, 

af being the maximum frequency excursion set by the  c i r c u i t r y  of t h e  system. 

Then 

e( t )  = /wF d t  = (d t i e i n  Wmt +e- c m  

If t he  appropriate phase reference is ass-med then t h e  expression for  

the modulated carrier can be w r i t t e n  as 

fc(t> = COB 0(t) = cos wct + 4 sin  cJmt c 1 

is ca l led  the  modulation index, and is t h e  r a t i o  of t h e  maximum 

deviation t o  t he  modulating frequency. .@ ale0 i e  the maximum 

phase s h i f t  of t he  

for e(t). 
Expanding 

f c ( t )  = 

carrier, an may be seen by reference t o  t h e  expression 

t h e  above expression for f c ( t )  by trigonometric i d e n t i t i e s ,  

coe uct cos ($ sin w t)  - s i n  uct sin ( 9  sin dmt) . m 
Expanding two of t h e  fac tors ,  

COB ( 8  s i n  w,t) and s i n  ( $ s i n  wmt ) 
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i n t o  power scr iaa ,  

It is 8een from t h e  expansion t h a t  each of t h e  terms a r e  per iodic  

function o f w  . Each contains terms o f w  and i ts  harmonics. Each harmonic, 

when mult ipl ied by cos W c t  o r  sinwct,  w i l l  g ive rise t o  two symnetrical s i d e  

bands aboutwc. 

quadrature with t h e  cosine term, t h e  l a t t e r  being i n  ph8se with the  c a r r i e r .  

m m 

The s i d e  bands associated with the  s i n e  term w i l l  be i n  phaae 

Of grea tes t  i n t e r e s t  is t he  term cos (4 sinw,t). 

When t h i s  term is p lo t t ed  as a function o f d  for various values o f$  some in- 
m 

t e r e s t i n g  conclusions may be drawn. 

Figure XI1 p lo t s  t h i e  expreesion 

following discussion covers t h e  pertinent 

f o r  t h ree  values of and t h e  

poin ts  concerning these  p lo t s .  

For these small values of$ t h e  curve var ies  between 1.0 and.54 at 

twice the  frequency of t h e  modulating waveform. When t he  function is mult ipl ied 

by the c a r r i e r  term cos d t it  will give rise t o  second order  sideband terms 

+ 2 %, + 4 y p , e t c .  about the  ca r r i e r .  The r e s u l t ,  then, is t h a t  the  c a r r i e r  

C 

- - - 

var ies  in amplitude at twice the  modulating frequency. However, with -8 less 

than7ff2 it never goes completely t o  zero o r  negative,  h e  var i a t ions  i n  the  c a r r i e r  
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amplitude are larger with lvrger$. The; sidcbairds created are eecond order 

and w i l l  increaoe with iargerg. 

@-a- - 2 0  

€‘or$ larger thanTf/2, the carrier amplitude varies such a8 

go t o  zero aud even take on negative valuea. Since t h e  power i n  t h e  

i e  less, and the p o w e r  in a FH signal is coustaut then more and more 

to 

carrieir 

of t h e  

power must be conwetted into t he  ridobands with increasing$, i . e . ,  t he  

spectral  energy is rpread over a larger region in t he  frequency domain. 

The r e su l t s  from plo t t ing  the sine term are similar accept t ha t  

t he  amplitude varice eymmatrically about zero, and its frequency compoacnts 

are a11 odd integral  multiples of t h e  erodulating frequency (3 . 
by sinW,t they give r i se  t o  odd-order sidebands about c3. 

When multiplied 
m 

C 

The amplitude of each of the  frequency couponento of the coprplem 

PW wave can be quunti ta t ively determined by expanding the  function in to  a 

Fourier rerias. Consider the complex periodic exponential, 

k+ sin U m t  
v( t )  = e - cos (e eind,t) + j e i n  (4 sin&&) 

over a period, 

- q 2  < t < + q 2 ,  

The Fourier coefficieato for t h i e  function will have a real par t  

conoiotiag of even horpponiae and an imaginary per t  consisting of odd harmonies. 

By equating the r e d s  and imaginaries, the expansion of 

cos (4 sin d,t) 

and 

s i n  ( $ s i n  dmt) 

can be obtained simultaneously. 
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Applying this s o r t  of analysis t o  the expression determined earlier 

for t h e  modulated wave, 

fc(t) = cas act cos (8 s i n  u,t) - sin uct s i n  (8 s i n  u, t )  

a f t e r  a grea t  deal of r a t h e r  complex analysis', t h e  following expression resu l t s :  

where Jn ( 8 )  are bessel functions of the  f i r s t  kind. 

The complete Fn signal  then consis ts  of a c a r r i e r  term plus  upper and 

lower sideband terms displaced from t h e  carrier by in tegra l  multiples of  t h e  

frequency of the modulating s igna l .  

as control led by mul t ip l ie r  Jn (4 ), can be exemined t o  determine bow they 

vary with values of $ 

ehe amplitude of these  sideband terms, 

. 
Table I1 t abula tes  the values of Jn ( q )  for various values of $ 

Also noted in t h e  t a b l e  is t h e  Bp bandwidth required t o  paas t h e  FM signal  

when all sidebands ever 1% are necessary and when only t h e  sidebands grea ter  

than 10% are necessary. For t h e  telemetry of analog signals, where non- 

l i n e a r i t i e s  i n  t h e  d a t a  l i n k  can affect  the resu l tan t  data ,  the 1% sidebands 

. 

are necessary. 

cousidered adequate for "1" or ltO" recognition. 

Eowever, i n  a PCM d i g i t a l  d a t a  link, the 10% sidebands are 

Figure XI11 p l o t s  t h e  required RF bandwidth t o  pass all sidebands 

g r e a t e r  than 10% versus deviation ratio. The RF bandwidth, (BW = Znfm) 

is normalized by t h e  fac tor  2% such t h a t  t h e  p lo t  is ac tua l ly  j u s t  t h e  number 

of s igni f icant  sidebauds. 

as tabulated,  for later usefulness. It can b e  noted t h a t  above 4 = 1 t h e  

The p l o t  has been made continuous, rather than discrete 
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TABLE IX 

Bend- 
width 

- -  

No. of Required 
Significant 1% 10% 

S i d e b i d s  Side- Sidt -  
4 J*ca 1 J1@ 1 J2(4) J3Q) J4(@ )1.0% >LO% bgnds Wnds 

0.1 

0.2 

0 . 3  

0 04 

0.5 

0 .6 

0 . 7  

0 .8  

0.9 

1 .o 

1 . 2  

1 .4  

1.6 

1.8 

2 .o 

2.5 

3.0 

4.0 

,9975 

.9900 

.9776 

,9604 

.9385 

.9120 

.%I2 

.8463 

.8075 

.7652 

.6711 

.5669 

.4554 

.3400 

.2239 

(-) .0484 

(-) .2601 

( 0 ) .  3971 

,0499 

.om5 

. i4a3 

.1960 

.2423 

.2867 

.3290 

.3688 

.4059 

,4401 

,4983 

.5419 

.5699 

.5815 

.5767 

.4971 

.3391 

( 0 )  .M60 

.om2 

.oos 

.0112 

.0197 

.0306 

.a43 7 

.!!582 

,0758 

.0946 

,1149 

,1593 

.2074 

.2570 

. 3061 

,3528 

. U 6 1  

.4861 

.3641 

. 0000 

.0002 

.0006 

. w 1 3  

.0026 

.0044 

.0069 

.0102 

.0144 

.0196 

.0329 

.OS05 

.0725 

.0988 

0.1289 

.2166 

-3091 

.4302 

. OOOO 

.oooo 

. 0000 

.0001 

.om2 

. 0003 

.0006 

.0010 

.0016 

.0025 

. 0050 

.0091 

.0150 

. 0232 

.034O 

.0738 

.1320 

.2811 

1 

1 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

4 

4 

4 

4 

>4 

>4 

0 

0 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

3 

3 

4 

>4 

2fm 

2fm 

4fm 

4fm 

4fm 

4fm 

4fm 

6fm 

6fm 

6fm 

6fm 

6fm 

8fm 

8fm 

8fm 

8fm 

>8fm 

2fm 

2fm 

2fm 

2fm 

2fm 

2fm 

2fm 

2f1n 

2fm 

4fm 

4fm 

4fm 

4fm 

4fm 

6fm 

6fm 

865 

>8fm ?8fm 
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number of sidebands required, n, is 4 + 1. Where .@ is not an integer t he  curve 

is continuous and approxha t t ly  maintains t h e  same relationship. 

The pre-detection bandwidth of t h e  receiver  is therefore  given approx- 

lmately by 

0 S 2 2 ( 8 + 1 ) f m  

C r ~ a b y ' e ~ ~  or ig ina l  work on t h e  characteristics of PM i n  the preo- 

encc of noi re  yield several relotioashipo that may be u s d  hare. 

(1) The signal-to-noise power ratio a t  t h e  output of an Pn discrlmi- 

nator  and low parr  f i l t e r  with cutoff frequency & is given by: 

*n* %c 

2 
signal-to-noise power ratio at  t h e  output of t h e  

RI discriminator Pnv 

Po, (AH) = carr ier- to-noise  power ratio in t h e  pret-detection 

Pnc 
- 

bandroldth 2 & of an An system = 

$ = dsvlat ion r a t i o  

(2) The threshold i n  an PM system is dsfined as t h e  signal-to-noise 

r a t i o  above which the f u l l  PM improvement given i n  (1) above is real ized 

and below which the output signal-to-noise r a t i o  f a l l s  rapidly below that of 

an AM system. This threshold may be approximated by a point where the input  

peak s ignal  t o  peak noise  voltage ratio is 1.414. 

(3)  The creot fac tor  o f  noise  can be taken an being approximately 

1 2  DB = 4.0 

With these  relat ionships  and t h e  previous discussions of t h e  band- 

width requirements of an PH signal it  is now possible  t o  es t ab l i sh  t h e  dwiaLion 



-38 - 

r a t i o  t h a t  w i l l  set t h e  FM threshold and t h e  PCM threshold so t h a t  both 

occur at t h e  same car r ie r - to-noise  ra t io .  

A t  t he  Pn threshold,  t h e  peak signal t o  peak noise  vol tage r a t i o  

is given by: 

S, (rma) 1,414 
Nc-- 4.0 

sc (peak) (FM) J 1.414 = 
Nc (Peak) 

solving f o r  the  rm8 signal- to-noise  r a t i o  i n  t h e  FM pre-detection bandwidth 

k = 4.0, and t h e  power r a t i o  is, 
NC 

f o r  t h e  AH 

The above carr ier- to-noise  r a t i o  f o r  an 

case by multiplying by the ratio of t he  

lW system may be readjusted 

predetection bandwidth. 

Subs t i tu t ing  t h i s  expression for t he  AM c a r r i e r  t o  noise  power 

r a t i o  i n  t h e  equation f o r  the output s ignal- to-noise  r a t i o ,  we ge t  

- psv u 39 2 - psc (AM) 5 3 9 2  p,, (FM) (.p + 1) 
P*V Pnc p*c 

This equation may now be solved for4 if the  power r a t i o  at the input 

t o  t he  decoder, Psv is set equal t o  the  PCM threshold value of 15.6DB = 36.2 - 
PIIV 

and PSC is eet  to i ts  threshold value of 16. - (W 
'ne 
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Then 

The poal t lve  eolutioo for@ is the deeirsd one and solving the equation givca 

9 = .672. 

This value of deviat ion r a t i o  y i e ld r  an output signal-to-noise ratio from 

t h e  dlrcr lmin8tot  of 15.6pB at t h e  FN threrhold,  This is equal t o  the mln- 

imum rignal-to-noloe ratio derired at t h e  input t o  t h e  PCn decoder. These 

valuer a r e  8ChiWed v i t h  an Fw carr ier- to-neiee power ratio of 16 - 12m. 

By combining t h e  resu l to  of the previous scctiono, It i o  now porr ib le  

t o  deternine the required t ransmit ter  power aa a €unction of t h e  b i t  rate 

tha t  is t o  be t r d t t d .  

The block diagram of t h e  general comrmaication oyrtan l i n k  being 

considered is shewn in Figure X I I ,  with t h e  gains of each of t he  blocks labeled. 

Ptam this f igure  the  following relat ionships  may be derived, 

where: Gtotal = overa l l  link gain = GI . G2 . G3 e tc .  psc = )t Gtot r l ,  

= oignal-to-noise r a t i o  at the iaput t o  t h e  receiver 
- P  pac pt =total. 

P Pnc nc 

The rcqtrircd transmitter power for  a p a r t i c u l s r  signal t o  noise r a t i o  P,, 

h c  
a t  t h e  input t o  t h e  receiver is, 

- 

Gto ta l  = Gt Gr 
AtLf s 

where 
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and 

Trammission l i n e  loear at  t h e  transmitter = 1.26 = 1.0 DB 

F r e t  space loss, 41fd 

Iath distance 

Transmitter Antas @ais 

Receiving Antenna Gain = .54 ( 

diameter D. 

Wavelength 

Effect ive noiee referred t o  the  input tanninale of t he  receiving 

system. 

P kl 

0 f o r  parabolic antenna of 5 l2 

(Teff + T o )  
0 Boltamam's b n s t a n t  = 1.38 x joules per K 

Pre-detection Bandwidth = 2f (++ 1) 

df fea t ive  temperature of t he  receiving system 

Haxirpum modulating frequency = max b i t  rate = 

using coding 

Br 
2 2 

In terms of theee values Pt becomes 

I .  

Prom previous sections of t h i s  report t h e  following values for t h e  

parameters i n  t h i s  equation have been e i t h e r  plot ted graphically o r  derived, 

9 = .672 

PSC - = 36.2 
Pnc 

G, = 30 DB = lo3 (a88umed value) 
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Lfs = 151 DB = 1.26 x = free rpace loss a t  maximum trims- 

mi t t ing  d is tance  of 2060 miles (See Figure 111). 

Subs t i tu t ing  the re  values,  

-10 
Pt = Br (Teff + To) x 13.27 x 10 

The e f f e c t i v e  receiver tempetature,Teff may be taken from the graph 

p lo t t ed  i n  Figure XI for t h e  pa r t i cu la r  operat ing frequency. 

p lo t8  t h e  required t raueat i t tar  power i n  DBM VE bit rate f o r  t h ree  carrier f re -  

quencies of i n t e r e s t .  

Sample Calculation: 

Assume: (a) Carrier Frequency = 275 MC 

Figure XI 

4 
(b) B i t  rate = 10 KC = 10 

= 1550' K Teff 
4 

, Pt--= 1840 x 10 x 

Pt (DBM) = 13.86 

The r e s u l t s  of t h e  

required a t  t h e  output  of t he  

13.27 x 10"O = 24.4 x watts 

DBM 

graph p lo t t ed  ind ica t e  t h e  minimum RF power 

t ransmit ter  t o  maintain good error f r e e  reception 

of PCM dbta  with t h e  aroumed sye t rn  p8rcmreters. 

allowance has been made f o r  t h e  fading typ ica l  of long range transmission 

paths.  It would seem reasonable t o  allow as a minimum 3BB ( S a )  to le rance  

f o r  de t e r io ra t ion  of t ransmi t te r  power output with age. 

of 18 DB as ehown in t h e  ocction of the  report  on RF chb tac t c r io t i c s  would 

then raise t he  required t ransmit ter  output power by 21 DB over t h e  levels 

It ohould be noted t h a t  no 

The fading allowance 

plo t ted .  
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V. CODING METHODS AND AIMS 

1 

! 

t 
1 

I n  t h e  previous sect ion on modulation and multiplexing, it vas 

concluded tha t  t he re  are d i s t i n c t  advantages i n  using a pulse  coded t r ans  

mission sys tau  f o r  achieving a deeired receiver system signal-to-noise 

ratio with a given transmitter power. The problem of t he  ac tua l  coding 

methods t o  be used must also be examined. As a s t a r t i n g  point ,  t h e  following 

general s t a t m e n t a  aary be made. 

1. A l l  o the r  parameters be iug  constant,  t h e  t ranomit ter  power 

required t o  achieve a given systan output signal-to-noise ratio i s  propor- 

t i ona l  t o  the  bandwidth of t he  infonuation channel. I n  o ther  words, it murt 

be assumed i n  the  case of PCH systans that t h e  required t ransmi t te r  power is 

d i r e c t l y  proportional t o  t h e  maximum b i t  rate of t h e  system, and v i c e  versa.  

Based on a conrideration of t ransmit ter  power alone, one may conclude t h e  

goal of coding chould be to reduce to  a minimum t h e  t o t a l  average number of 

b i t s  required t o  tranmit t h e  various poss ib le  mesrages. Note tha t  s to t i s t i -  

cal coas ide ra t~ons  are implied i n  the word "average". So-called minimm 

redundancy coding methods have been developed t o  achieve t h i s  end, where ad- 

vantage i s  taken of t h e  statistical proper t ies  of t h e  messages t o  be t rans-  

mitted.  Implied i n  th i s  technique is t h e  requirement for temporary s torage 

of sequences of meoragcs, BO t ha t  short  t ime-variations i n  marsrge source 

rate may be averaged t o  achieve a lower over-al l  transmiarion rate. * 

2. For a $iven input s igna1~ to -no i r e  ratio, t he re  is always a non- 

zero e r r o r  probabi l i ty .  Since, however, the probabi l i ty  decreases exponentially 

with the  t ransmi t te r  power, almost any desired error r a t e  can be achieved 

by increasing t r ansmi t t e r  power. I n  a p r a c t i c a l  case, however, t h e  t ransmi t te r  

rPha term "mereage" as used here implies oae of a set of symbols or  groups of 

ges a r e  not s t a t i s t i c a l l y  independent. However, only coding of independent m e s -  
sages w i l l  be  t r ea t ed  here. 

symbols dcsign8ting some quant i ty  o r  state t o  be  transmitted.  I n  general ,  messa- 



3 
-43- 1 

11 
power i s  establ ished by si&ml-to-noise and power supply considerations of t h e  

ove ra l l  syetao. Thus the average system error rate may be sa t i s f ac to ry  f o r  

most of t h e  messages transmitted,  but may n o t  be low enough f o r  some p a r t i c u l a r  

c l a m  of messages which, f o r  various reasons, must be transmitted more 

r e l i a b l y .  

In general ,  t h e  error probabi l i ty  can be s i g n i f i c a a t l y  reduced 

by adding carefu l ly  selected redundancies t o  t h e  code, so as t o  permit detec- 

t i on  and correct ion of errors. Note t h a t  t h i s  technique tends to oppose 

t h e  goal of decreasing t r anmiss ion  bandwidth. 

Simple Rtdundaacy Reducing Codes f o r  Indpendent Messages 

Examples of redundancy reducing code6 da te  back a t  least t o  the 

Horae telegraph code. The general epproach is  to  assign shor t e r  code words 

to  mesoages or symbols occurring most frequently.  I a t u i t i v c l y ,  t h i e  should 

reduce t h e  average number of code pulses transmitted over a long period of 

t i m e .  I n  co~s t ruc tLng  a useful and e f f i c i e n t  code, carefu l  consideration 

i of t h e  s t a t i s t i c a l  p roper t ies  of the messages being coded must  be made. 

is not  the purpose of t h i s  discussion t o  explore the-underlying theory of 

It 

optimum coding, but r a the r  t o  l ist  some of the more useful  relationships 

and methods r e su l t i ng  from i t ,  as they apply to  some simple ceding problems.* 

The bas ic  premise is  that of Shannon's information theory, i . e . ,  t h e  informa- 

t i o n  is re le ted  to the prababi l i ty  of c e r t a i n  messages being communicated. 

In t h i s  theory, i a fomat ion  is only measured i n  terms of the s t a t i s t i c s  of 

measagts, and nothing is sa id  about meaning. 

Eatropy as a Measure of t he  Information Content of a Set of Discrete Mesragee 

Consider a set of N e t r t i s t i c a l l y  independent messages ( m i )  with 

*For a more de ta i l ed  discursioa,  the reader is re fer red  t o  texts on the Sta t ie -  
Shannon and Weaver, The Mathematical Theory t ical  Infornution thwry such as: 

of Coumunication; Fe i r e t e i a ,  Poundat ion - of Informat ion Theory; Block,Modula- 



-44- 

probab i l i t i e s  pi. We can argue in tu i t ive ly  that. Ii = log (1/ ) i s  a log ica l  

measure of the information contained i n  t h e  se lec t ion  of messages (mi). 

follows the  notion t h a t  i f  p i a l ,  p rac t ica l ly  no information is involved, 

while i f  pi is very s m a l l ,  very much information is involved. Using t h e  

logarithm gives us  a l so  a usefu l  property of information being addi t ive.  

Although any base could be used, the logarithm t o  the  base two is normally 

used, pa r t i cu la r ly  where binary coding schemes are under consideration. 

information is then sa id  t o  be measured i n  b i t s  (binary d i g i t s ) .  

P i  
It 

The 

It follows, then, tha t  the average information contained i n  selec- 

t i n g  one message is 

N 

This choice of a measure of information content has been put on a 

much firmer mathematical basis  by several authors. 

t h e  entropy, B, of a set  of probablit ies.  

maximum when a l l  t h e  probabi l i t i es ,  pi, are equal, and H = log N. A more 

de ta i led  development can be given t o  show tha t  t h e  concept of entropy can 

be extended to  sequences of s t a t i s t i c a l l y  correlated messages and t o  con- 

t inuous message s igna ls .  

i n  t h e  information content of a f i n i t e  set of messages, and furthermore, i f  w e  

consider successive messages t o  be s t a t i s t i c a l l y  independent, t h e  above equa- 

t i o n  can be used d i r e c t l y  te estimate the theore t ica l  in fomat ion  content of a 

set of messages, once t h e i r  relative p robab i l i t i e s  are known. 

Channel Capacity 

The above equation gives 

It can be shown tha t  H is  a 

However, fo r  our purposes, we a r e  normally in te res ted  

The capacity of a binary transmission channel can eas i ly  be estimated. 

In t h i s  case, only two language characters,  "Zero" and "One" are used. 

are prcsumably transmitted as pulses of equal  duration. 

channel can readi ly  be defined as 

They 

The capacity of t h e  
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C = L i a  log R (T) 
T-+- T 

where n(T) is the number of distinct sequences of symbols of length T 

which can be expre8oed i n  the language of the channel. 

symbols are of equal duration, to. 

vhere k is the largest Lateqer in T h o .  

Then 

In t h i s  case, both 
k In t i m e  T there are 2 sequmces, 

Shannon'e Fundmental Theorem for a Nois( lees Channel 

Theorem: Let a source h8ve entropy H (bits/symbol) and a 

channel have capacity C (bits/oec.). 

p u t  of the signal source in such a way as to transmit a t  the  average rate 

C/H - €  symbols per second over the chznnel, where E i s  arbitrarily mall. 

Then it i s  possible to encode the out- 

In order to achieve the theartt ical  maxtnm transmission rate in 

a practical case, rather complicated codes would usually be required. Never- 

theless, the theorem provides us with a standard of camparison by which to 

judge the amount of redundancy in a given coding system . 
Minimum Redundancy Codes 

Before statfng some general rules for the construction of simple 

codes, the fol loving examples are given: 

Example 1: 

Suppose that the following set of messages i s  t o  be coded 

Probability Pi Standard Minimum 
2-bit Code Redundancy Code i Message M 

A 0 .55  00 1 

B 0.25 01 0 1  
(cont.) 
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Probabi l i ty ,  pi 

C.15 

0.05 

Standard 
2-b i t  Code 

10 

11 

Hin . 
Redundancy 
Code. - 

0 0 0  

0 0 1  

The average mtropy of the message set is 

4 
Hav =-z pi log pi = 1.62 bitslmessage 

l=L 

A standard 2-bit code wouid reqfiire 2 bits/message. Note, however, t he  

m i n i m u m  redundancy code. This code is so constructed t h a t  the message can 

be transmitted in any order  without ambiguity, and without requir ing a 

mark or space separat ing individual messages. The average message length 

i r  

4 

1 
= pi li = 1.65 bits/message Lav 

This represents a 17.5 percent reduction in average message length,  when com- 

pared t o  the standard tuo-bi t  code, and is d 0 8 @  t o  t he  theoret ica1, lower 

l i m i t .  Consider another case: 

Let the  set of mess-es to  be coded be the  following: 

Meseage, Mi Probabi l i ty ,  pi Standard Xin . 
2-bit: Code Redundancy 

A 0.70 01 0 

B 0.20 10 10 

C 0.10 11 11 

Here the  average maasage entropy is  1.15 b i t s ,  and t he  minimum redundancy 
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. code for individual messages ha6 an average length of 1.3 b i t s .  Hovever, 

by coding in messagc-pairs the following result is achieved: 

Probabi l i ty  Me8 sage-Pai r 

AE, 

AB 

BA 

AC 

CA 

BB 

BC 

CB 

cc 

And the average pa-r lengLy is , 

0 . t 9  

0 -14 

0.14 

0.07 

0.07 

0.04 

0.02 

0.02 

0.01 
. -  

b i t s ,  wAch is not too -.ir 

Code 

1 

000 

001 

0100 

0101 

0111 

01101 

01 1000 

011001 

rn t h e  

The process can, of  course, be extended by 

Once a given set  

t heo re t i ca l  minimum of 2.30. 

forming longer groups t o  8UhieVt more e f f i c i e n t  coding. 

of m c ~ s ~ e s ,  or lacasage groups haa been sstabl iehed,  t he  con8truction of a 

minimum redundancy code can be  done in a straight-forward m m a t r ,  as out- 

l ined in the following eection. 

Construction of Wnimum Redundancy Codes* 

A brief  procedure for forming minimum-redundancy codes is given 

below?8 

1. Arrange a l l  possible  messages ia order of decreasing proba- 

b i l i t y .  

message, and 1 t o  the last  message. These two messages w i l l  subsequently 

agree i n  a l l  t h e  (as yet unknown) d i g i t s  preceding the last. 

Assign as the last d i g i t  in the coded output a 0 to the next- to- las t  

They are some- 

*Sometimes cal led Huffman Codes. See Reference 43 .  
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t i m e s  eaid t o  agree in t h e i r  p ref ix .  

2. Merge the last two messages to form a new message, adding 

t h e i r  p robabi l i t i es .  

merged. 

Repeat Step A. Continue u n t i l  a l l  meaaages have been 

A cha rac t e r i s t i c  of t h i s  type of coding is t he  p re f ix  property; i . 8 .  

no codcword I s  a prefix of any other longer codeword. This property guaroateee 

t h a t  any sequence of codewords can be written down io BQY order without 

spacing and st i l l  be uniquely decoded i n t o  a sequence of source symbols. 

Other forms of coding, notably the Shanmn-Fano systam, yie ld  

straightforward methods f o r  reducing the  redundancy of a coding system, 

however, t h e  above method w i l l  alvays produce a minimum-redundancy code, 

whereas othare may in some casee f a i l  t o  do so. 

produce the codes given in t h e  above examples. 

Control of Source Rate 

The above method was used t o  

Note t h a t  above technique implies some means of control l ing 

the  source rate, so t h a t  the guneration of codwords can proceed a t  a con- 

s t an t  b i t  rate. In many cases the  ehort-term information r a t e  o f  a given 

sequence of messages may be higher than average, and some form of buffer  

s torage of messages is required, 80 t h a t  t h e  meseagee can be coded and trans- 

mitted at a lower average rate. S t a t i s t i c a l  techniques can be applied t o  

e 8 t b a t e  t h e  amount of storage required t o  insure  adequate intorim storage 

of t h e  messages prior t o  coding, where t h e  message source rate cannot be 

controlltr!. 

Codiag of Bate aad Bsadom Bvaare(tf < 1) 
24 

An inportant  category of reassages 

one message ia t h e  set i s  much more probable 

net yet  considered La one whore 

than any of the others.  In general 
I 
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t h e  average entropy B, is l ese  than one. 

discussed above a r e  not useful,  s ince each message tenns requires at least one 

code d i g i t ,  giving Ii) I .  If the  message tenus are s t a t i s t i c a l l y  independent, 

then measage sequences w i l l  conafet of long runs of a s ingle ,  high-probabili ty 

symbol, interrupted by occasional lov-probability symbols. Brief ly ,  t he  

approach t o  coding is to  describe each run of high-probability symbols by a 

bioary nuerber t ha t  indicates  t h e  number e f  symbols i n  t h e  run. 

number of b i t s  i n  t h e  run-length word is lees than t h e  run length itself, d 

i f  t h e  o ther  maesage term are su f f i c i en t ly  rare, t h e  total number of b i t e  

required to  code a sequence of meseqes is reduced. 

For this case, the coding methods 

If t h e  

24 
?redic t ive  Codina 

This is $ general ceding technique wherein both t h e  t ransmi t te r  and 

receiver  stsre information about pacrt message tenno, and from than, estimate 

t h e  next message term. The transmit ter  sends riot the messagm term, but t h e  

d i f fe rence  between it  and t h e  p r d i c t e d  value. This is  a method which h8s 

usefulness i n  coding correlated measage terms, v i t h o u t  u t i l i z i n g  excesaive 

amounts of t ransmit ter  and r ece iv t t  etorage. 

t i o n  of higher-order conditional probabi l i ty  d i s t r ibu t ions  of t h e  messages and 

The technique requires considera- 

is  considerably more complicated than any discussed i n  t h i s  paper. The value 

of such coding techniques is  dependent upon the  na ture  of t h e  message ensemble 

t o  be coded.* 

Error Detecting and Correcting Codes 

The elementary coding methods discussed above suggest methods 

by which the number of b i t s  required to  rpecify a sequence of messages 

may be reduced. 

* In general, the  technique can be applied t o  t h e  bandwidth and energy l imited 
ergodic processes. lor a detai led discussion of predic tor  c r i t e r i o n ,  t h e  
reader is referred t o  t h e  referenced a r t i c l e  by Elias. 

Since t h i s  reduces t h e  output bandwidth of t he  comunication 
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channel, t h e  output rignal-to-noise r a t i o  is correspondingly improved. Also 

f o r  a given t ransmit ter  power the  bits-without-error capabi l i ty  improvee. 

Note, however, t h a t  by removing a signal redundancy, t he  suscep t ib i l i t y  of 

t h e  remaining s ignal  to a degredation by noise  is ac tua l ly  increased. 

In  comparison to  redundancy reduction coding, error detect ion 

and correct ion coding mothods add controlled amounts of redundancy in to  t h e  

code to allow accurate  decoding of received messages containing miseing or  

erroneous b i t e .  

accuracy and t h e  average bite-without-error capabi l i ty  of t h e  system. 

The m u n t  of redundancy required depends upon t h e  desired 

The general theory of er ror  de tec t ing  and correct ing codas has 

been studied i n  considerable d e t a i l .  

method6 f o r  use with systematic codes, i.e. codes where each codword has 

the  same length. 

redundancies of minimum redundancy codes of var i ab le  word length is somewhat 

more d i f f i c u l t .  This l imi ta t ion  can be overcome t o  an extent by adding the  

extra b i t s  t o  blocks of code w r d s  of equal length,  a technique which again 

requires temporary s torage of information a t  t h e  t ransmi t te r  and receiver.  

The following discussion assumes that the code words o r  blocks of codewerds 

are of equal length.  11,41 

Types of Errors 

Host of t h e  work has been i n  davelsping 

The problem bf incorporaring e f f i c i e n t  error-correct ing 

1. Binary Erasure Channel. One form of e r ro r  i n  a binary 

cgornunication channel is one where received b i t s  are e n t i r e l y  miesing, as 

i l lustrated on t h e  follswing page. 
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Binary 

Erasure 

Channel 

This is ca l led  a binary erasure channel. I n  t h e  f igure,  it is 

assumed t h a t  i rpu t  lllBsB1 and lrO'elB are equally l i k e l y ,  and t ha t  they are 

erased with probabi l i ty  p. 

received is p b i t s  per input symbol. 

In t h i s  case, t h e  average information 

2. Binary Symmetric Channel. In  t h e  f igure  below, the channel 

a l so  accepts only t h e  input symbols 1 and 0 ,  but it a lso  only produces the 

aane two output syaabols. 

a l so  with probabi l i ty  q = 1-p, t h e  output symbol is incorrect .  

t h e  average infermation r a t e ,  R1 equals (1 + p logz p + q logZ q) b i t s  per 

symbol. 

With probabi l i ty  p i ts  output reproduces i t8 input, 

In t h i s  case, 

I 

Output Syrrmct r i c  
Binary 

0 0 Channel 
0 e I 

Input IX 
Error-free Coding i n  a Binary E r a s u r e  Channel-Parity Check Coding. 

I 

0 0 

0 e I 

Input IX 
Error-free Coding i n  a Binary E r a s u r e  Channel-Parity Check Coding. 

Output Syrrmct r i c  
Binary 
Channel 

'In a binary e r u u r e  channel, a simple p a r i t y  check vi11 detect  

and correct one erasure i n  a code word. A p a r i t y  check is constructed by ad- 

ding one d i g i t  t o  each code word. The added d i g i t  is  selected so as t o  make 

t h e  t o t a l  number of 1's i n  a code word e i t h e r  always odd or even. Thus a 

single erasure can be corrected by t he  receiver  by t o t a l i n g  the  number of 

1 ' 8  i n  t h e  received word. 

group of code words; t h i s  word would be constructed so as t o  form a p a r i t y  

check of the preced ing  words by columns. 

An additional check word may be added a f t e r  each 

By repeating the  procms of p a r i t y  
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checking la rger  and larger groups of vords, the e r ro r  probabi l l ty  can be made 

1s small as necessary. 

E r r o r  Correction of Binary Symmetric Channel 

38 

Note t h a t  single par i ty  checks are of no value for this case, 

since the re  is new way of t e l l i n g  vt-ich b i t  i n  a word is  inverted. A 

double p a r i t y  check could locate  a single error i n  a block of words, but in  

t h i s  case, parity checks are-only able to  detect er rors ,  but not to correct 

them. 

code. The general technique i s  s m a r i z e d  below: 

A more general coding method is required, often c a l l e d  the Haswing 
* 

1. 

2.  

To each aroup of rnessee digits, k checking d i g i t s  are added. 

The k checking b i t s  are added i n  such a way t ha t  when par i ty  

checks a r e  made OR the proper groups of received digits, nctonly will 

e r ro r  be detected,  but t h e  posit ion of t h e  ermr w i l l  be known, and designa- 

t ed  by a pos i t ioa  number formed during t h e  p a r i t y  checking. 

3. The posi t ion number locates  t h e  e r r o r  i n  any one of t he  

(m + k) codeuord posi t ions.  

following: akL m + k + 1. 

checking digite. 

Bxtmeion of Error Correction and Detection Coding 

The required value of k i s  given by t h e  

Normally, posittons 1, 2, 4, 8, e t c .  are used for 

The above checking process can be sbm t o  have a geometrical 

interpretation. If ua conrider the  possible  coslbinrtione of P = m + k 
d i g i t s  as fonning points in an a-dimarsiona~ specc, then we define the 

"distance" bctveen t w o  points  as the number of coordinate ( o r  d i g i t  posi t ions)  

by which two code words d i f f e r .  

"distance" implies : 

See reference 11 and 41 

In tanw of error detect ion and correct ion 
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Meaning 

Error not detectable 

I Error detection (Simple 
parity check) 

Single error correction 
(?laming code discussed 
above) 

1 Error correction and 
2 Error detection 

Double error correction 

etc. 

Again, the  error correcting capability of the coding can be 

made as reliable as necessary at the expense of increased code word 

length. However, for most systems, a simple Hamming code (distance 3) is  

adequate. The nuniber of check bi ts ,  k ,  required to  check message b i t s  i s  

given by the inequality above, and is tabulated below: 
# 

K M 

check b i t s  

3 

4 

5 

6 

message b i t s  

6 4  

1- 11 

5 26 

5 57 
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From t h e  above discussion, i t  nay be seen tha t  t he re  are many 

fac to r s  t o  be considered i n  constructing codes for a given coammnication 

system. 

i n t o  two general categories  : 

I n  t h e  case of the  OAO progmm, the data t o  be transmitted f a l l s  

1. Data about conditions i n  t h e  satellite, for  use in posit ion- 

ing and adjusting t h e  instrumentation and for monitoring various command 

channels . 
2. Primary da ta  from the satellite instrumentation i t s e l f .  This 

would, of cox-se, include &he signals generated by these TI7 cameras and 

spectrometers. 

The data i n  the f i rs t  category would presumably cons is t  of a 

large number of slowly-varying quantities, and it could probably be trans- 

mitted best by conventional time multiplex P0i-m techniques. A s t r a i g h t  

binary code word from an A/D converter for each da ta  sample possible  with 

a p a r i t y  b i t  would be su i tab le .  Tran8miSSiQn e r ro r s  would not nonually 

be ser ious ,  s ince the slowly changing nature  of t h e  data  would allow in t e r -  

polat ion of euccessive samples at t h e  receiver.  

On t h e  o ther  hand, coding methods €or tlhe primary da ta  from t h e  

satell i te instruments must be examined more carefu l ly .  Since t h e r e  w i l l  

be a large amoung of statist ically varying data,  and since good tranemission 

r s l i a b i l i t y  should be sought, somewhat more sophis t icated coding techniques 

may be required to achieve reliable transmission over a narrow bandwidth 

with low t ransmit ter  power. 

For each class of messages to  be coded, t h e  requirements may 

d i f f e r .  In  some cases, it may be des i r ab le  to remove a l a rge  amount of 
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redundancy in order to reduce the required channel bandwidth. 

cases, conrrolled redundancy, in the form 01 parity chrck hits, a t c .  may 

be included in the construction of the code, in order to reduce the trsns- 

mission errors. 

taneously. 

In other 

In the generd case, both techii-lques may be applied simul- 

Obviously, coding inethods should be kept si-qle, wherever pos- 

s ib le ,  in order to reduce the complexity of the codtns equipment required 

in the satellite. 

must be weighted against the overall goals of system reliability and 

The advantages of bandwidth reduction coding schcmes 

s imp1 i c  it y . 
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V I .  DETECTION AXD DBCOOIffi 

The se l ec t ion  of a detection and decoding system is generally 

This "threshold" is usual ly  made on t h e  b r s i e  of a s y r t a a  "threshold." 

defined as t he  point  at which t h e  system no longer pe r foms  within desired 

spec i f ica t ions .  Ln telemetry systems t h e  threshold is t h e  minimum signal- 

to-noise r a t i o  at  which t h e  system performs with t h e  desired r e l i a b i l i t y .  

With t h i s  c r i t e r i o n  i n  mind t h e  recent ly  much published threshold 

In p a r t i c u l a r  t h e  synchronous de- improvement detector6 vetc investigated.  

t e c t o r s  using aphesa lock  loop were considered s ince  they apparently o f f e r  

considerable improvanent over conventional PM detectors .  

When the discr iminator  alone is considered t h e  phase-lock loop 

does have an 8dvantage over t h e  conventional discr iminator  a t  low s igna l -  

to noise  r a t i o s  and thus improves t he  discr iminator  threshold.  

a de tec t ion  system each component may have its o m  threshold with one cm- 

ponent l imi t ing  the t o t a l  system threshold. 

component can be t h e  discriminator and by improving i t s  threshold t h e  system 

threshold may be improved. 

However, i n  

I n  and PnnM systen  t h e  l imi t ing  

In the  telemetry system under consideration here  t h e  da t a  d ic -  

t a t e s  t h e  use  of 8 PC% systen, md i n  a PCn system it is t h e  decoder and 

not t h e  de tec tor  which is t h e  weak l i n k  i n  t h e  threshold chain. The cir-  

c u i t  i n  the decoder which "decides" whether a given pu l se  is  a %emv1 or a 

"one" requires  a minimum signal-to-noise r a t i o  at  i t s  input t o  make t h i s  

decis ion with a given accuracy. 

McRaeS8 shows t h a t  t h e  curve of "b i t s  w i t h o u t  e r ror"  when p lo t t ed  

verzbus s ignal- to-noise  input t o  t h e  decis ion c i r c u i t  is asymptotic a t  about 

16 D3. Therefore, i n  PQS l i t t l e  is gained by reducing any threshold below 
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16 DB unless the decisioi.1 circuit threshold is also lowered. 

to-noise ratios i n  this region conventional d f s c r  iiiinators have Idvantag- 

over phase-lock loops Secause of t h e i r  re1 Labi l i ty  mC: s i q l l c i t y .  

At eignal- 

In PM s y s t w  the decoder is a se r i e s  t o  p a r a l l e l  converter. 

The function of the series to parallel converter is t o  separa te  t h e  serial 

t r a i n  of pulssr out of the receiver into words and present  then in parallel 

form t o  t h e  recorder and qalck I G O ~  ando& decoder. To accomplish this t he  

converter must make the decision as to whether each input pulse i s  a "one" 

or a "zero". This requiranent makes t 5 e  converter by far  t h e  most important 

s i n g l e  component in the e n t i r e  s a t e l l i t e  systeIi .  

this decision is nade t o  improve the accuracy of t h e  d a t a  t ransmss ion .  

fore  the se l ec t ion  of thls  unit should be made only after vary careful con- 

s i d e r a t  ion. 

Mothtng can be done after 

There- 

In addltion t o  the "one" or a "zero" decis ion the converter mist 

be able to recognize the beginning and end of each data word and each data 

frame. This is necesaary t o  insure tha t  each data  word contains d a t a  smn- 

pled from only one channel and that the channel from which the  data came 

is known. 

There are several schemes for establ iehing and maintaining this 

synchronization. 

s ignal- to-noise  ratio and changes i n  da ta  b i t  rate. 

Their complexity is i n  general a function of t h e  input 

For a eystan w i t h  fixed 

bit rate and reaeonable s ignal- to-noise  r a t i o  (15 DB) t h e  converter can be 

made extremely oimple and r e l i ab le .  

schernes is described by Seaver7'. H i s  descr ip t ion  is e s s e n t i a l l y  repeated i n  

tbeparagrapha that follow. 

One of the mre s t r a igh t  forward 

To provide a coda for t h e  synchronization two ex t r a  b i t s  are 
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added t o  each word and an extra  word providod at  t h e  beginning of each frame. 

Figure X I 1  is a block diagram of Saver 's7'  se r ies - to-para l le l  convertor. 

system uses a "zero-to-one" t rans i t ion  f o r  word synchronization, t ha t  is ,  each 

word starts with a "one" in i t s  f i r s t  b i t  and ends with a "zero". Thus as 

a word ends and a new word begins there i s  a "zero t o  one" t rans i t ion .  

This 

In  t h e  diagram the  input pu l ses  en ter  C1 and the  d i f f e ren t i a to r ;  C l  

is an "and" gate and w i l l  not pass any pulses unlesa there  is a l so  a pulse  out 

of B04. When a "eero t o  one" t rans i t ion  occurs at t h e  input,  t he  output 

of t h e  d i f f e r e n t i a t o r  i e  a peai t ivc pulse  which t r iggors  B01; t h i s  i n  turn  

sets  BDl. When F/Fl  is set, BO2 triggers and resets a l l  the f l i p  flops in 

t h e  p a r a l l e l  read out ;  t h e  pulse from BO2 a l s o  entors  t h e  delay l ine .  

The t i m e  spacing of t he  taps en the delay l i n e  is the same as t h e  t i m e  spa- 

c ing of t h e  data b i t a .  Now as the  next da ta  b i t  en te rs  t h e  eystem BO4 i e  

t r iggered s ince t h e  pulse from BO2 appears at t h e  tap  No. 1 at  t h i s  time. 

pulse  from BO4 and the input pulse a r e  ceincident a t  C1 and i t  opens, t r i g -  

gering BO3 which sets the  first f l i p  flop on tho  pa ra l l e l  output.  BO4 con- 

t inues  t o  t r i gge r  each t i m e  tho pulec i n  t h e  delay l i n e  passes a tap and 

each t i m e  BO4 t r i gge r s ,  BO3 i s  triagered if a "one" appears coincident at C1 

with t h e  pulse out of B04. 

up t h e  b i t  orord. 

it resets F/Fl thtough "or" gate  G2. 

which s t a r t ed  the  decoder w a s  a t  t h e  beginning of a word, as it  aheuld have 

been, t he re  w i l l  be another "zero to  one" t r a n s i t i o n  present at the  input t o  

t h e  d i f f e r e n t i a t o r  a t  t h i s  t i m e ,  and P/F1 w i l l  again be set and t r i g g e r  B02. 

When BO2 t r i gge r s  it w i l l  reset all t h e  output f l i p  flops and start down t h e  

delay l i n e  t o  decode the  noxt word enter ing t h e  decoder. 

The 

This process continues f e r  t h e  "N" pulses which make 

When t h e  pulse  i n  t h e  de lay  l i n e  passes t h e  (N + 1)  tap 

I f  t h a  "zero t o  one" t r a n s i t i o n  

As BO2 rtwets t h e  
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output f l i p - f lops ,  t h e  p a r a l l e l  word is read o a t  of t h e  f l i p - f lops ,  comple- 

t i n g  the  serial t o  pa ra l l e l  code conversion. 

appear such as  t o  cause a zero-to-one t r a n s i t i o n  t o  occur a t  t h e  same point 

i n  a number of successive w t d s ,  it would be poss ib le  f o r  the  decoder t o  lock 

on t o  t h i s  series of t r a n s l t i o l  , 

a scrambled word composed ot par t s  of two input vords. 

avoided by using a coded ward t o  ident i fy  t h e  beginning of a frame which has 

only one *'zero'*,and tha t  i n  t h e  l a r t  b i t  i n  t h e  word. 

locks on t o  a "zero-to-one" t r ans i t i on  i n  the  middle of a word the  sync 

can continue only u n t i l  the code word at  t h e  beginning of t h e  frame a r r i v e s  

at t h e  input. 

a t  t h e  end of t h e  word and the  d i f f e r e n t i a t o r  vi11 w a i t  f o r  t h i s  t r a n s i t i o n ,  

thus locking t h e  decoder on to  the beginning of t h e  f i r o t  werd i n  t h e  n.v 

frame. 

s ince  t h i 8  type sy8tam obtains i t s  sync on frume beginning. 

I f  a combination of da ta  should 

ra ther  than the desired word sync, giving 

This problem can be 

Now i f  t he  decoder 

This word w i l l  not have t h e  "zero-to-one" t r a n s i t i o n  except 

Only t h e  d a t a  in t h e  f i r s t  frame io l o s t ;  t h i s  w i l l  usual ly  happen, 

This type  eyrtan has several very real advantages; probably t h e  

g rea t e s t  is i ts  s impl ic i ty ,  which usually goes hand i n  hand with r e l i a b i l i t y .  

The chief disadvantage of t h i s  type eystan is t h e  d i f f e r e n t i a t o r  on t h e  

input ;  t h i s  requi res  a f a i r l y  good signal- to-noise  r a t i o  f o r  r e l i a b l e  opera- 

t ion .  This is  a very i-ortant consideration i n  any syatcsm receiving trans- 

mission from a l o w  power s a t e l l i t e  systmn. 

An a l t e r n a t e  rynchronieer system i s  one which uses  a s h i f t  r e g i s t e r  

f o r  t he  pa ra l l e l  conversion, and an o s c i l l a t o r  and counters t o  maintain 

s y n c h r o n i ~ e t i o n . ~ ~ .  Figure X V I I  is a rough block diagram of such a system. 

I n  t h i s  system the pulses out of t he  o s c i l l a t o r  are delayed 112 

bit, and their phase is then compared with the i n p u t  pulses. The phase comparison 

? 
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c i r c u i t  var ies  the  frequency of t h e  o s c i l l a t o r  t o  maintain phase synchronization 

with input pulses. 

ter  and a c t  as s t robe  pulses t o  admit "ones" to t h e  r e g i s t e r  through ga te  G1.  

The output pultres from the  o s c i l l a t o r  also s h i f t  t h e  regis- 

The word and frame synchronization is obtained by two counters, 

ane counter-to-(N) for t h e  (N) b i t s  in  each word, and one countcr-to-(?) 

f o r  t h e  (?) m r d s  i n  t h e  f r m e .  

The vord counter looks at a l l  (N) en t r i e s  i n  t h e  s h i f t  r e g i r t c r ,  

waiting f o r  the par t i cu la r  unique code word which i d e n t i f i e s  t he  start  of a 

new f r m e .  Once t h e  code trerd is ident i f ied  t h e  counter starts ta  count, 

. and t h e  c i rcu i t  which recognizes the  code werd i s  dieabled u n t i l  t h e  counter 

counts t o  (P). When the counter has made (P) counts, the cede recognitien 

c i r c u i t  is again enabled and looks a t  t h e  word present i n  the s h i f t  r eg i s t e r .  

The code word should be present i n  t h e  r eg i s t e r :  i f  it is ,  caunting continues: 

i f  it is not,  t he  ident i fying c i rcu i t  continues t o  examfne each successive 

word enter ing t h e  r e g i s t e r  i n  its search for t h e  code word. During t h i s  

searching in te rva l  none of the  words which a r e  dumped out of t h e  s h i f t  regis-  

ter  are routed t o  any data  channels by the  word counter. When the  code word 

is again found normal counting begins. 

The counter-to-(l)  which counts t h e  (N) b i t s  in each word monitors 

two posi t ions i n  the  r eg i s t e r  seeking t h e  word iden t i f i ca t ion  code. When 

t h e  code is  found,. t h e  ident i f ica t ion  c i r c u i t  i s  disabled while t h e  ccbunter 

makes (N) counts. After (N) counts t he  iden t i f i ca t ion  c i r c u i t  i s  again 

enabled and seeks t h e  code which should be present at  th4s time. A t  

t h e  end of each (N) counts t he  b i t  counter gives one count t o  the  word 

counter and dumps t h e  s h i f t  reg is te r .  I f  t he  i d e n t i f i c a t i e n  c i r c u i t  i n  t h e  

word counter has enabled the  counter (becauee it has found tbe cede word 
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ind ica t ing  the  beginning of t he  framsj, it w i l l  accept the  count from the  b i t  

counter and w i l l  a l s o  roilte the output of t he  s h i f t  register t o  a data channel. 

When t h e  da ta  is baing recox'dsd for later processing, i t  may be 

possible  to makc uic of t he  data  contained i n  t h e  f i r s t  p a r t i a l  frame. 

ever, i n  cornrend bystem da ta  it is imperative tha t  no da ta  be routed t o  any 

channel u n t i l  t h e  m r d  counter has d e  frame synchronization. 

of the wrong co.smnand ge t t ing  in to  a command channel could be disastrous.  

How- 

The r e a u l t  

The important elanent i n  e i ther  of t he  two systems described here  

i s  the elanant which a c t u a l l y  decidee whether or not a given input pulse 

is a "zero" o r  a "one". 

makee the decielon. 

In both Figure X V I  and Figure XIII, it is Gl which 

Often theso sys t em are u e d  with pulse ahaping c i rcu i t s  on t he  

input; when t h i s  is  done all the  advatage of t h e  s t robing is  lost since t h e  

"one" o r  "zero" decision is made i n  the shaping c i r c u i t .  

The decisicm c i r c u i t  G 1  must have a 16 DB s igna l - to -mise  r a t i o  

fer r e l i a b l e  operation i n  e i the r  systan, and the  d i f f e r e n t i a t o r  operation 

should be very r e l i a b l e  with t h i s  signal-to-noise r a t io .  Therefore, t he  

system i n  Figure XVI  appears t o  have censiderable advantage over the one i n  

Figure XTIX, when t he  b i t  rata ie fixed. 
' ?  
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1 V I 1  COMMAND SYSTE31 

In  considering the  comaand system, the  first and most obvious re- 

quirement is  fo r  absolute r e l i a b i l i t y .  Since the ground s t a t i o n  t ransmit ter  

can presumably supply whatever power may be necessary fo r  e r ror - f ree  

transmission, such conaiderations as bandwidth and power conservation become 

s t r i c t l y  secondary t o  the  overriding requirement fo r  r e l i a b i l i t y .  On t h i s  

assumption, tha t  t h e  corsmand signal can always be delivered at an adequate 

signal-to-noise ratio to i a s u r a  error-free reception, the primary fac tors  

t o  be considered i n  a dasign seem to  be as follows: (1) t o  insure the  

minimum likelihood of incorrect in te rpre ta t ion  of t he  s ignal ,  (2) t o  insure 

t h a t  an incorrect in te rpre ta t ion  of a c-nd w i l l  not r e s u l t  i n  any permanent 

impaiwrnt  of t h e  satell i te performance: (3) t o  insure tha t  t h e  f a i l u r e  of 

any given component w i l l  have the l e a s t  posaible a f f ec t  on the  performance of 

the satellite. 

It is obvious tha t  t h e  above requirements imply keeping t h e  com- 

mand syr tan  as siuplc as possible.  Unfortunately, there  a r e  so many d i f f e ren t  

functions t o  be controlled i n  a typical  OAO satell i te,  that  t h e  coragand system 

required will of necessity involve a degree of complexity exceeding tha t  of 

any satel l i te  yet  launched. 

t he  various control  channels. 

The first problen is t he  matter of access t o  

h e  problen bas ica l ly  resolves t o  a choice betweea 

random o r  sequential  access to  each channel. 

is small, random access can be simply achieved by tone s ignal l ing,  assigning 

When the number of channels 

a separate tone t o  each channel. However, i n  t he  case of t he  OM) satel- 

lites, there  may be 60 or more separate control  channels, so tha t  random 

access would require  some form of d i g i t a l  addressing. 

volve some type of serial t o  para l le l  converter and a decoding matrix, both 

This i n  tu rn  w i l l  in-  



r e l a t i v e l y  complex devices. 

depends on the  commands ge t t i ng  to t h e  r igh t  place,  t h i s  seems t o  v io l a t e  

Since the  e n t i r e  operation of t he  sa te l l i t e  

requiranent (3) above. However, sequential  access is simple t o  implement 

by rout ing the  cornnand s ignals  to  the  various channels through gates  under 

t h e  sequential  control  of a s h i f t  r e g i s t e r  act ivated from the  ground sta- 

tion. The f a i l u r e  of a gate  would a f f e c t  only t h e  channel i n  which it was 

located, and magnetic s h i f t  registers can be made extrememly r e l i ab le ,  

thus making the  l ikelihood of a single  f a i l u r e  a f fec t ing  t h e  e n t i r e  satell i te 

q u i t e  remote. 

through nearly a l l  t he  channels t o  get  t o  t h e  desired one, t h e  access time 

As f o r  speed of access, even i f  i t  were necessary t o  s t ep  

would s t i l l  requi re  only a f rect ion of a second, using a b i t  rate i n  t h e  

k i locyc le  range. Thus, random access seems t o  have no advantages whatever, 

and sequential  access is therefore recomnended. 

Now, assuming tha t  t h e  s ignals  can be routed t o  t h e  proper 

channel, t he  next problem is what type of s igna l l i ng  should be used t o  

convey  the comands themselves. 

l i t t l e  more than ON-OFF, f o r  which tone s igna l l ing  would be adequate. 

Some of thejconmands -&ll ce r t a in ly  be 

How- 

ever ,  f o r  some channels, par t icu lar ly  t h e  te lescope controls ,  many leve ls  

of cont ro l  may be required, so that d i g i t a l  s igna l l ing  seems required. 

Assuming a high s ignal- to-noise  ra t io ,  as indicaeed above, t he  la rges t  

source of e r ro r  i n  d i g i t a l  s igna l l ing  is improper synchronization. 

synchronization is  only a problem with non-return-to-zero coding, whereas 

return-to-zero coding is basical ly  Pelf-synchronizing. 

However, 

The only ser ious 

object ion t o  return-to-zero coding is t ha t  i t  doubles t h e  bandwidth require- 

ment f o r  a given da ta  rate, which is not a ser ious drawback i n  t h i e  case. 

As t o  t h e  actual  codes to be used, t h e  high signal-to-noise r a t i o  
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avai lab le  together with the  inherent r e l i a b i l i t y  of return-to-zero coding 

obviate  the  necessi ty  of error-checking o r  correct ing codes, so s t r a igh t  

binary coding is reconmended. 

prec ise  nature of t he  devices to be control led.  

The word length required w i l l  depend on the  

For t h e  actual transmission of the comaands, th ree  key signal  

l eve l s  are required f o r  the return-to-zero conmand s ignals ,  plus  a fourth 

leve l  t o  pulse t h e  address s h i f t  reg is te r .  

by some special  combination of camnand codes, but it seems simpler and more 

d i r e c t ,  and therefore  more re l iab le , to  u8e a fourth level. This four  level 

transmission could be accolsplished by p rac t i ca l ly  any of t h e  conventional 

modulation techniques, but two methods which suggest themselves as par- 

t i c u l a r l y  simple, r e l i a b l e ,  and highly developed, are frequency-shift key- 

ing and tone-keyed Pn. 

This reg i s t e r  could be controlled 

Although it is not a major problem here,  it is ce r t a in ly  of in- 

terest t o  examine t h e  power and sens i t i v i ty  requirements of t h e  connrand 

l ink .  As mentioned elsewhere i n  t h i s  repor t ,  the power l imi ta t ions  f o r  

a t rans is tor ized  output s tage on the  s a t e l l i t e  t ransmi t te r  w i l l  l i m i t  t he  

b i t  rate to  about 10 kc. Although t h i s  l imi ta t ion  does not apply t o  the  

ground t ransmit ter ,  it w i l l  be assumed f o r  the  sake of clock sy8tan  simpli- 

c i t y  tha t  the  same b i t  r a t e  will be used throughout t he  s a t e l l i t e  syatgn. 

Using Bz coding then, t h e  RF bandwidth required is  20 kc. The carrier fre- 

quency w i l l  be assumed t o  be i n  the v i c i n i t y  of 150 mc. With plus-minus 

transmission, the required signal-to-noise r a t i o  a t  the  receiver  is  gen- 

eral ly  taken t o  be from 12 t o  15 DB. 

r a t i o  is  desired t o  insure e r ro r  f r e e  transmission, so t he  receiver  slgnal- 

to-noise  r a t i o  w i l l  be taken as 24 DB. Other system values are, receiver  

In  t h i s  case a high signal-to-noise 



no i se  f igure  60B; receiving antenna, isotaopic;  fading allowance, 20 DB; 

t ransmit t ing antenna, 10 ft parabolic; path dis tance,  2000 m i l e s .  With 

t hese  values, the power calculations work out as shorm below. 

Receiver do is e Level -125 DBM 

Reg'l signal  t o  noise 
r a t i o  2 4  DB 

Receiver s e n s i t i v i t y  101 DBH 

Path loss 147 IIB 

46 DBH 

Fading allowance 20 ImM 

Radiated #Dwer teg'd 66 DEM 

Transmitter ant. gain 11 DBH 

Transmitter power 55 DBH = 330 watts 

These requirements can obviously be met with no d i f f i c u l t y  vhat- 

ever. 

simple as possible.  

In vtew of t he  des i r ab i l i t y  of keeping t h e  sa te l l i t e  equipment as 

It would probably be des i rab le  t o  increase t h e  trans- 

mitter power considerably, thus reducing t h e  requirements on t h e  satell i te 

receiver .  For t h e  transmis8ion from the satel l i te ,  for  which t h e  regular 

da ta  t ransmi t te r  would be used, t h e  computations w i l l  be t h e  same, except 

t ha t  a la rger  d i sh  w i l l  be used for t h e  receiving antenna a t  t h e  ground 

station; If a 6 0 . f t  parabolic antenna were used, t h e  power requirement for 

t h e  satel l i te  t ransmi t te r  would be approximately 4 watts. 

S a t e l l i t e  Sect ion 

The overa l l  arrangement of t h e  satell i te sec t ion  of t h e  coannand 

system is  shown in Figure XVIIX. The normal factore  considered i n  estab- 

l i s h i n g  t h e  diagram and t h e  eequence of operation are dcecribed below. 
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When t h e  satel l i te  i s  out of coaamrnication range, it is des i r ab le  t o  in-  

s u r e  tha t  noise  s igna ls  cannot cause a response i n  the  command channel. 

addi t ion ,  various devices which have a function only when the  satell i te is 

i n  communication range should be shut off t o  canserve power. 

can be accamplished through the  use of t h e  Adc s igna l  of t he  comnand receiver ,  

ae shown i n  t h e  

of AGC w i l l  cause t h e  ga t e  at the  output of t h e  receiver  t o  close,  as w e l l  

a s  turning off t h e  power t o  t h e  data t ransmi t te r  and various o ther  un i t s .  

(It i s  assumed here tha t  t h e  beacon transmitter for the  t racking system 

i s  a separate  u n i t  t h a t  w i l l  operate continuously unless turned of f  by a 

s igna l  from t h e  ground). 

I n  

Both functions 

f igure.  man the  satel l i te  is out of range, t h e  absence 

When the s a t e l l i t e  cmcs i n t o  range and the  gromd s t a t i m  s t a r t s  

t ransmit t ing,  t h e  preeence of t he  c a r r i e r  signal w i l l  be indicated by the  

ACC s igna l ,  r e su l t i ng  i n  t h e  receiver ga t e  opening and t h e  t ransmi t te r  be- 

ing turned on. When the  signal from t h e  s a t e l l i t e  t r a n s a i t t a r  is received 

a t  t h e  ground e t a t i a n ,  t h i a  w i l l  provide an automatic ind ica t ion  tha t  t he  

s a t e l l i t e  is  ready t o  receive conmands. Note an addi t ional  f ea tu re  here,  

t h a t  by requiring a cer ta in  mini- AGC level, it is  possible  t o  insure 

t h a t  t h e  s a t e l l i t e  wil l  respond only when the  s igna l  is strong enough t o  

i n s u r e  e r ror - f ree  reception. 

When t h e  received signal from t h e  s a t e l l i t e  ind ica tes  t h a t  it is 

ready, t he  ground s t a t i o n  can then proceed with the  desired operations i n  

sequence. 

ceeding channel which can then be interrogated or commanded as desired.  

t he re  w i l l  be so many d i f f e ren t  types of devices to be cont ro l led ,  there  

w i l l  be no attempt hare  t o  consider the individual  control channels except 

Each pulse  t o  t h e  s h i f t i n g  r e g i s t e r  w i l l  s h i f t  command t o  the  suc- 

Since 

i 
i 



* ] 

t o  note  t h a t  tach channel should be provided with means for sending an 

i den t i f i ca t ion  signal on command, t o  verify t ha t  the connnands are going t o  

the  cor rec t  channel. 

In  s u n ~ ~ r y ,  it w i l l  be seen tha t  there is nothing pa r t i cu la r ly  so- 

ph i s t i ca t ed  or complicated about the s a t e l l i t e  comnand system. This is  

in agreement with t h e  objectives discussed earlier. 

made t o  keep the system jus t  as simple and s t r a i g h t  forward as possible ,  

Every attempt has been 

consis tent  with the requirements. 

techniques were considered and rejected as bt ing  ne i the r  necessary for nor 

Many more sophis t icated and elegant 

cons is ten t  with t h e  design objectives.  
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VIII. CRmleD sTATI(lOO 

General Organization 

In t h i s  sec t ion  the  organization of t h e  e n t i r e  ground s t a t i o n  w i l l  

be considered, not only those par t s  which are d i r e c t l y  p a r t  of t h e  corrmond 

system, but also those  p a r t s  which are only i n d i r e c t l y  connected with t h e  

comuancl eyetan. 

s t a t i o n  overlap too  much i n  t h e i r  funct ions t o  be separated i n t o  independent 

pieces .  

This is necessary because t h e  var ious p a r t s  of t h e  ground 

The ground s t a t i o n  m e t  provide f a c i l i t i e s  f o r  quick, f l ex ib l e ,  

and r e l i a b l e  cont ro l  of t h e  s a t e l l i t e ,  p lus  f a c i l i t i e s  f o r  recording and 

d isp lay  ef t he  d a t a  received from t h e  satellite. 

t i o n  of t he  d a t a  is  a separate  function, and would presumably be handled 

a t  a eeparate computing center ,  the arranging and growing  of t h e  da t a  i n t o  

a form compatible f o r  computer entry w i l l  be considered a function of the  

ground s ta t ion .  

t h a t  these  operations be car r ied  out under t h e  d i r ec t ion  of a computer 

following a s tored  program. I n  addition, t h e r e  must be provisions f o r  

t h e  operator t o  t ake  manual control i n  t h e  event of malfunctions o r  o ther  

d i f f i c u l t i e s .  

Although t h e  in t e rp r s t a -  

From a atandpoint of speed and r e l i a b i l i t y ,  it is des i rab le  

The generai sequence of operations w i l l  be as follows. While t h e  

satel l i te  i e  out  of range, t he  operator w i l l  s t o r e  i n  t h e  computer memory 

t h e  comnand program t o  be carr ied out .  This program w i l l  consis t  of in- 

s t ruc t ions  as t o  which channels a r e  t o  be control led,  t h e  exact comm;inds t o  

be sen t ,  da ta  t o  be recorded or displayed, e tc .  When t h e  t racking system 

ind ica tes  t h a t  t h e  satell i te has come i n t o  corarmnication range, t h e  operator  
' .. ' I  
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w i l l  start the  da t a  transmitter. 

ind ica t e  tha t  t h e  satell i te is ready t o  receive cormrands, and w i l l  auto- 

mat ical ly  s t a r t  t h e  computer on i ts  control program. Using t h e  re turn  sig- 

nal  from the satellite w i l l  provide a safe ty  fea ture  i n  stopping t h e  ccnn- 

mand cycle  i f  connumications with t h e  satell i te a r e  interrupted f o r  any 

reason. 

both on the  satell i te and at t h e  ground s t a t i o n  requires tha t  both un i t s  

must be t ransmit t ing and receiving simultaneously a t  a l l  times. 

requi re  more camplaxity i n  the  conmunications system than using a "send 

o r  receive" sy6ta11, but t h e  extra r e l i a b i l i t y  obtained by maintaining csntinu- 

ous contact i n  both d i rec t ions  would seem t o  j u s t i f y  t h i s  extra complexity. 

The computer w i l l  nou proceed with the  control  program, reading 

The re turn s ignal  from the  satel l i te  w i l l  

It should be net& that using t h e  receiver  AGC signal  88 a control  

This w i l l  

out  t h e  data, s e t t i n g  up new operations, reor ient ing the  satellite, etc. 

Under normal conditions t h e  computer should be able  t o  carry out t h e  com- 

p l e t e  program withaut humminterference, and when t he  program is complete, 

w i l l  tu rn  off t he  t ransmit ter ,  and re turn  t o  a standby state, awaiting a new 

program. 

In  t h e  event of trouble,  t h e  computer should sound an alarm of 

some sort, and s top  operations t o  w a i t  f o r  correct ive act ion t o  be taken 

by t h e  operator. 

given charnel d i r ec t ly .  

and r e t u r n  control  t o  the  computer. In  some cases, t h e  d i f f i c u l t y  might 

be such as t o  render t h e  s tored program inef fec t ive ,  i n  which event t h e  

operator could complete t h e  program manually o r  start over, o r  take whatever 

act ion seaned appropriate.  I n  some cases,  such as ident i fying a star 

f i e l d ,  it might be necessary for t he  computer t o  stop and w a i t  for a decision 

The operator must be ab le  t o  in te r roga te  and comnand any 

Re then may take  cerrecttivu act ion as necessary, 
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from t h e  operator before proceeding. 

The overa l l  block diagram of a ground s t a t i o n  which would be ca- 

pable  of a l l  these  functions is shown i n  Figure XIX. 

blocks w i l l  be discussed below. 

The various individual 

Computer Sect ion 

The computer w i l l  basical ly  cons is t  of a storage,  or memory, 

sect ion,  i n  which the  program w i l l  ba stored,  a log ic  sec t ion  which w i l l  

compare the  ac tua l  state of a channel with t h e  desired state, and or ig ina te  

t h e  necessary commands, and a buffer sect ion which w i l l  t r a n s l a t e  t h e  cm- 

puter  s igna ls  t o  a form aui table  f o r  use on t h e  satel l i te ,  and v i ce  versa. 

A typical sequence of operation is described in t h e  following paragraphs. 

When the signal  from t h e  power control sec t ion  ind ica tes  t h a t  

t h e  s a t e l l i t e  is ready t o  receive comands, t he  number of t he  f i r s t  channel 

t o  be controlled w i l l  be transferred from etorage t o  a r e g i s t e r  i n  t h e  

Logic, and the  buffer w i l l  be instructed t o  send out an interrogat ion sig- 

nal  t o  determine which channel i s  under control .  When t h e  number of t h e  

a c t i v e  channel is received, t h e  buffer converts i t  to computer form and 

eends it  t o  t h e  log ic ,  where it  is compared to  the  desired channel number. 

I f  t h e  Lctive channel is not t h e  desired channel the log ic  detcrminw by sub- 

t r a c t i o n  how many pulses w i l l  be needed t o  sequence t h e  s h i f t i n g  r e g i s t e r  

on t h e  s a t e l l i t e  t o  t h e  desired channel. The logic then d i r e c t s  t h e  buf- 

f e r  t o  send out t h e  proper number of sequencing pulses ,  and when they have 

been sen t ,  c a l l s  f o r  another interrogation t o  v e r i f y  tha t  t h e  correct  

channel is nov ac t ive .  

Wen t h e  r igh t  channel is gated, t h e  log ic  then c a l l s  up t h e  com- 

mand from the  memory. I n  t h e  normal s i t ua t ion ,  t h e  f i r s t  s t ep  w i l l  probably 
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be determining t h e  present s t a t e  of  a l l  control  channels and instruments. 

I f  t h i s  i s  the  case, t he  conrmand will be a data  in t e r roga te  signal,  ca l l i ng  

for t he  control device or instrunent t o  report  on i t a  condition. Whenever 

t h i s  comaand is sen t ,  the  log ic  vi11 also d i r e c t  t h e  receiving sec t ian  of 

t he  buffer  t o  route  the  da ta  t o  the  recording sec t ion ,  and t h e  display 

sec t ion  i f  desired.  

the  log ic ,  which w i l l  then move on t o  t h e  next channel and repeat t he  

sequence. 

When t h e  data is recorded, t h e  buf fer  w i l l  so no t i fy  

Another type of control s i t u a t i o n  w i l l  be the adjustment of tele- 

scope controls  or t h e  reposit ioning of t h e  s a t e l l i t e .  

of commands w i l l  depend on t h e  design of t h e  various actuat ing elements, 

a f a c t o r  not considered i n  t h i s  study. However, one method of a t t a c k h g  

t h i s  problem would be t o  have the various cont ro ls  dr iven by stepping 

motors which would move t h e  contra1 some incremental distance each time a 

pulse  i s  received. 

t o  select t he  prsper  channel as before, compare t h e  present state  with the 

desired s t a t e ,  compute t he  number of s t e p s  required,  d r ive  t h e  d w i c e  t h i s  

mnabcr of steps, then compare actual pos i t ion  with des i red ,  and repeat as 

necessary, u n t i l  t he  desired posi t ion is achievad. I f  t.he desired po- 

sition cannot be reached after some spec i f ied  number of t r i e s ,  t h e  computer 

should stop and notify the  operator,  

Manual Control 

The axact sequence 

I n  t h i s  case t h e  procedure would be f o r  t he  computer 

Manual cont ro l ,  as indicated bcfere, i s  required for two 

purposes, (1) t o  give t h e  operater d i r e c t  control  over t he  s a t e l l i t e  in 

t h e  case of d i f f i c u l t i e e ;  (2) to previdc for d i r e c t  Inser t ion  of conanand$ 

when the program requires  t h e  use of received information as a basis for  
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complex f o r  thc computer t o  make. As an example of t h i s  second 

case, aiming of the telescope may be baaed on the recognition by an astronomer 

of a s t a r - f i e l d  in t he  finder telescope. 

soma success ia implementing even t h i s  problem with a computer, b u t  i t  seems 

l i k e l y  that s i tua t ions  of t h i s  general nature are bound t o  a r i s e  i n  the 

u t i l i z a t i o n  of t hese  camplex s a t e l l i t e s )  

all that will be needed are a couple of buttons f o r  sending sequencing 

pulses, t o  sequence t he  gat ing s h i f t  r e g i s t e r  o r  to s t ep  the  control 

actuators ,  and a keyboard f o r  inser t ing  coded conmands o r  addresses. 

addi t ion controls will be required to  block out automatic action of t he  com- 

puter  en t i r e ly  and t o  take d i rec t  control  of any devices usually controlled 

by t he  caaputer. 

Display Section 

(The h i t h s o n i a n  group has had 

To accomplish these purposes about 

In 

The display section, which ohould, of course, be located i n  such 

a pos i t ion  as to be eas i ly  viewed by t h e  operator while at the control  

console, should present tvop$ecac of information -- t he  iden t i f i ca t ion  num- 

ber of the  channel under control ,  and t h e  reading of the  instrument or 

ind ica tor  devlce In that c h a u d .  

readout, of t h e  Nixie type, would do t h e  job very nicely.  I n  addition, 

i t  would probably be desirable for trouble-sho6ting purposes to be able 

t o  display various s ignals  i n  the computer. 

For t h i s  purpose, two l i n e s  of decimal 

In  addi t ion ta the type of display already mentioned, there 

may be a requirement for various types of quick-look equipment. 

ample, t h e  astronomers may want a running graph or tabulat ion of the  photo- 

metric readings i n  a ce r t a in  par t  of t he  sky. For t h i s  the c q u t e r  must 

have t h e  capabi l i ty  of select ing the  desired data and routing I t  t o  t h e  

For ex- 



p l o t t e r  o r  tabul8tor  o r  other  type or readout device. 

As w i l l  be noted in the diagram, the t e lev is ion  display and 

recording is  e n t i r e l y  separate from t h e  d i g i t a l  data  channel. 

two reasons for t h i s .  

been designed, it is qu i t e  possible tha t  t h e  s igna ls  used t o  transmit t h e  

t e l ev i s ion  image will be en t i r e ly  d i f f e ren t  from t h e  d i g i t a l  s igna ls  used 

to transmit other typesaf data. Second tt may be desirable to be able to 

view t h e  te lev is ion  images continuously during camnand cycles.  The tele- 

vision sect ion of the ground s ta t ion  w i l l  be considered i n  more d e t a i l  

i n  t h e  sect ion on t h e  te lev is ion  systm.  

liecording S e c t  ion 

There are 

Bir8t,rilthoUgh the t e l ev i s ion  systan ha6 not y e t  

The prime purpose of t h e  recording system is of course t o  record 

the astronomical data sent by the  s a t e l l i t e .  

be t o  take t he  data d i rec t ly  from the  receiver and put it on tape. 

ever,  as mentioned earlier, t h e  d a t a  evefrtually has t o  be put i n  a form 

s u i t a b l e  fo r  computer. In most telsmeteringsystems t h e  t r a d i t i o n a l  ap- 

proacn has been t o  record the data d i r e c t l y  a8 above, and when t h e  data tak- 

i n g ,  is complete, play thg tape back i n t o  a device ca l led  a computer format 

generator. This device puts t h e  data i n to  the proper word lensthe,  i n s e r t s  

p a r i t y  b i t s ,  and carries out whatever o ther  opdrbtions are required, t o  

produce a data  tape su i t ab le  fo r  computer entry.  

The siipplcst approach would 

Ww- 

This format generator is bas ica l ly  nothing more than a small 

computer i t s e l f ,  and s ince  there  is already a computer i n  t h i s  system, it 

seems only logical t o  let t h i s  computer do the tape preparation. Such an 

approach has two apparent advantages. 

Second, it w i l l  save t i m e  by making in - l ine  tape preparation possible,  thus 

F i r s t ,  it will requi re  less apparatus. 
i 
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eliminating the playback cycle. 

computer has suffictent extra capacity over that necessary for the cmmimd 

operat ions.  

The data signals coming from the serial  to parallel converter (diacus6ed 

elseuhere) will be sent t o  the buffc-i ,  which wilr adjust the level and 

shape of the pulses to s u i t  the camputel-. 

to the  conputer which will carry out the operations discusse3 above. 

f i n a l  output w i l l  be a tape ready for entry into .hatever large scale cm- 

puter is to be used for data analysis. 

All that is required is t o  insure that the 

According2 y ,  this is the .ippn,ach that is secomneuded. 

Then the signals will be sent 

The 

In certain circumstances it m i g h t  be desirable to record the 

commands sent t o  the sata l l i te ,  as well as the data received from it. ' . ~ e  

need for such recording is not a6 obvious as thnt for data recording, but 

in the  case of trouble with the sate l l i te ,  an exact record of al l  signals 

sent out might be invaluable in analyzing the difficulty. Since thc cam- 

puter is already controllfng tha tape recording, it will obviocsly b e  no 

problem to program the cvmputer t o  place  the comands OD, tape .  illthough 

f t  would be possible to place the conwand data on the same t a p e  as the re- 

ceived data, i-: will be more convenient: t o  have it on a separate t a p e .  

. e  Since the cost of adding an extra t a p e  transport should not be large, i t  

0 ,  is recommended that chis be done. 
. i  

An addit ional  part of the tape preparation task is the i n s e r i  

tion of t i m e  reference signals .  For this p r p o s e ,  a time signal generater 

w l 1 1  f e e d  time sigaals on the tape at certain intervals as s p e c i f i e d  by 

the program. - - L A _ * _ -  . - -. 

. .  
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Summary 

The central element in the ground s ta t ion is qu i t e  obviously 

the computer. 

by modern standards. 

b u i l t  around any one of a number of mall general  purpose computers 

now avai lable ,  such as the Oomputet Data Corporation 160, the Bendir G-15, 

the  Royal McBee LGP 30, the Burroughs E101, etc. The CDC loo, f o r  

example has a 4000 word magnetic core memory, severa l  adding and sub- 

t r a c t i n g  r eg i s t e r s ,  an a r i t tme t i c  un i t ,  decimal presentat ion of the 

contents  of the reg is te rs ,  manual en t ry  t o  the  r eg i s t e r s ,  and various 

other features .  

tape, electric typewriter or magnetic tape. Output can be to  any of 

the above devices, and when equipped with an auxiliary tape cont ro l  

un i t ,  

above. The other  un i t e  l i s t e d  above a r e  similar, and thus the  ground 

s ta t ion could e a s i l y  be b u i l t  around any of them. It is recomnended 

that this be done, rather than t rying t o  design a complete new u n i t  

j u s t  f o r  t h i s  purpose. 

f o r  the purpose since its exact c h a r a c t e r i s t i c s  depend on the computer 

and the communication oyatem adopted. 

Telemeter Magnetics, f o r  example, which manufacture buffer  u n i t s  f o r  

any conceivable s i t ua t ion .  Thus the e n t i r e  ground s t a t i o n  por t ion  of 

the conmend eyrten can be b u i l t  up i n  a straightforward fashioa from 

c o m e r c i a l l y  ava i lab le  apparatus. 

The computer f a c i l i t i e s  required here are qu i t e  modest 

This en t i r e  ground s t a t i o n  could qu i t e  e a s i l y  be 

Program ent ry  can be made by punched card, puncbed 

the computer can car ry  out tape preparat ion in the manner discussed 

The buffer u n i t  will have to  be b u i l t  eopecial ly  

There are severa l  camrpanies, 

z :  

f 



, 

i 

L 

7 >  

I 
., J 

-76- 

Television 

The t e l ev i s ion  requirements f o r  this projec t  d e f i n i t e l y  break 

down i n t o  two d i s t i n c t  categories. 

t e l ev i s ion  t o  be used i n  gathering astronomical data,  and second, a 

requirement for t e l ev i s ion  t o  be used as an a i d  i n  aiming and guiding 

the s a t e l l i t e s .  The f i r s t  requirement arises i n  the Smithsonian and 

Michigan units, tlie l a t t e r  probably i n  a l l  the units. 

F i r s t ,  there is a requirement f o r  

Tn the  Smithsonian s a t e l l i t e ,  t e l e v i i i o n  w i l l  be used f o r  

gathering two distinct types of data. First, the experimenters wish 

t o  make a complete sky survey in c e r t a i n  ranges of u l t r a v i o l e t  by simply 

taking t e l ev i s ion  pictures ot' sky with tubes sens i t i va  only to tlie various 

u l t r a v i o l e t  ranges of interest .  Since they are in t e re s t ed  not merely 

i n  stars, but also i n  various t ypes  of extended sourcee, the complete 

t e l ev i s ion  image must be transmitted. 

conventional t e l ev i s ion  techniques must be used. To attempt to d i g i t z e  

the information i n  all 250,000 picaure elements would r e s u l t  i n  a pro- 

h i b i t i v e l y  large bandwidth. 

i t  w i l l  be necessary to use slow scan (one frame per second, or less) 

i n  order  t o  keep th bandwidth down t o  a p r a c t i c a l  l e v e l .  If tlm 

system otherwiee exact ly  followed commercial standards, a one frame pe r  

secand scan would require a 150 kc bandwidth for transmiseion. 

the tremendous ranges of l i g h t  in tene i ty  involved (10 o r  greater)  w i l l  

n eces s i t a t e  spec ia l  techniques which may lead t o  higher bandwidths. 

This 

there is little more that can be sa id  about i t  a t  t h i e  time. 

For tNs reason, e s s e n t i a l l y  

Even using conventional analog transmission, 

However, 

6 

problem is presently beind studied by the Srni~hsonian group, and 

The Smithsonian satellite ai60 requires  t e l ev i s ion  for trans- 

mi t t i ng  s l i t h e 8  spec t r a  of c e r t a i n  stars. 

t i a l l y  continuous images, t h i s  appl icat ion w i l l  also requi re  television of 

the type discussed above, except that the i n t e n s i t y  ranges w i l l  not be 

Since such spec t r a  are essen- 
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as g rea t .  

On the  Michigan s a t e l l i t e ,  t h e  t e l ev i s ion  system w i l l  be used as 

a spectroheliograph, i .e.,  it w i l l  be used t o  t ake  p i c tu re s  of various areas 

of t h e  sun i n  c e r t a i n  wavelengths. 

and t e l ev i s ion  of t h e  type discussed above w i l l  be required. 

problems i n  developing pickup tubes and o p t i c s  for t hese  speci l ized 

appl icat ions,  but these  problems are  not t he  concern of t h i s  study. It i s  

to be noted here that  RCA has already developed and b u i l t  a slow-scan TV f o r  

exact ly  t h i s  purpose, which has been successful ly  used with balloon tele- 

scopes. 

Again the p i c tu re  w i l l  be continuous, 

There arc 

For u s e  i n  aiming the s a t e l l i t e  telescopes,  t h e  te lev is ion  

tube w i l l  view the  f i e l d  of a finder te lescope which w i l l  cover a 15-degree 

area of t h e  sky. 

information t o  enable an astronomer t o  recognize t h e  star f i e l d .  

purpose it w i l l  be s u f f i c i e n t  t o  transmit the pos i t ion  and br ightness  of 

a l l  stars o u t  t o  t h e  s i x t h  magnitude, t o  1 /2  magnitude accuracy. A study 

of s t a r  a t l a ses  ind ica tes  t ha t  the maximum number of s t a r s  of s i x t h  

magnitude o r  grea te r  to  be found i n  a 15-degree f i e l d  is aboilt 150, with 

the  average number being 5b o r  less. 

with 500-line reso lu t ion  (250.000 p ic tu re  elements) t he  s i z e  of a star 

image with telescope of t he  f /  

less than the s i z e  of a a i r lg le  p ic ture  element. Thus, there  w i l l  be in- 

formation i n  no more than 150 out of 250.000 pict i l re  elements, so t h a t  it 

The image transmitted t o  t h e  ea r th  need contain only enough 

For this  

Using a typ ica l  vidicon tube 

numbers t o  be used here is s l i g h t l y  

is  obviously i n e f f i c i e n t ,  from an information point of view, t o  use  a 
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conventional Tp system, transmitt ing infomat ion  about a l l  p i c tu re  elements. 

Transmitting in€ormation only about those elemevts which contain information 

w i l l  obviously save a great  deal of channel capacity,  and it w i l l  c e r t a in ly  

be desirable t o  do so i f  it can be done without a prohibi t ive increase i n  

complexity i n  t h e  cransmitting equipment. 

this objective w i l l  be outlined i n  t h e  following paragraphs, 

A possible  scheme f o r  accomplishing 

The system t o  be described employs a stop and 80 scanning technique. 

The scanning beam of t h e  camera tube w i l l  s tar t  scanning at a high speed i n  

t h e  normal manner, but there  w i l l  be no output s igna l  u n t i l  a star image is 

encountered. When such an image is encountered, t h e  scanning beam w i l l  

s t op  and information on the position of t h e  image and i ts  in t ens i ty  w i l l  be 

converted to d i g i t a l  form and transmitted t o  t h e  ground s t a t ion .  As soon 

as t h e  information has been transmitted the beam w i l l  resume scanning at 

a high speed, and t h e  above process w i l l  be  repeated a t  each s tar  image. 

An advantage of t h i s  system is tha t  t h e  frame scan t i m e  is not f ixed,  

SO t ha t  i t  i8 not necessary t o  choose a bandwidth i n  accordance with t h e  

maximum information content of a frame, with the  r e su l t  t h a t  t h e  system 

i8 operating w e l l  below capacity most of t h e  time. I n s t e a d ,  t he  bandwidth 

w i l l  be s e t  by the  b i t  r a t e ,  which can be set as best s u i t s  o ther  design 

factors, and t h e  information content of a s i n g l e  frame w i l l  merely govern 

t h e  length of t i m e  i t  takes t o  scan one frame. 

it does not require  an especially f a s t  b i t  rate t o  provide a scan rate 

q u i t e  acceptable for t h i s  application. 

And, as w i l l  be shown below 

The block diagram of a possible system for implementing t h i s  

technique is shown in Figure JCX . 
at 250 kc are fed t o  a binary scaler  through a normally open gate .  

Pulses from 8 master clock o s c i l l a t i n g  

The 
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pulses  a re  counted by the sca le r ,  and the  count is converted by a d i g i t a l -  

to-analog (D/A) scal ing matrix t o  a s t a i r - s t ep  voltage which s teps  t h e  

beam across the  face  of the  camera i n  increments corresponding t o  t h e  reso- 

l u t ion  power of t he  tube. 

causing the  beam to flyback to  its o r ig ina l  posi t ion,  and w i l l  put out a 

pu lse  t o  anothar scaler: 

s t a i r - s t e p  voltage i n  another D/A matrix, and t h i s  voltage w i l l  provide 

v e r t i c a l  deflection. 

and t h e  posi t ion of t h e  beam at any t i m e  w i l l  be indicated by t he  count on 

t h e  t w o  scalers .  

second t o  scan an e n t i r e  frame, assuming the re  were no output 

When the scaler reaches 500, i t  wi l l rese t  t o  zero, 

The count of t h i s  scaler w i l l  be converted t o  a 

In t h i s  manner the  beam w i l l  scan t h e  face of t h e  tube, 

Using the  250 kc master clock rate, it would take one 

s igna ls .  

When t h e  beam h i t s  a s t a r  image, t he re  w i l l  be a video output 

pulse ,  which w i l l  be amplified and fed t o  a hold c i r c u i t .  

t h e  hold c i r c u i t  w i l l  be used t o  c lose  t h e  ga te  from the  master clock, 

thus stepping t h e  scanning beam a t  t h i s  point.  The signal  from t h e  hold 

c i r c u i t  w i l l  also go t o  an analog-to-digital  converter, thus providing a 

d i g i t a l  indication of the  magnitude of t he  star. 

a logarithmic amplif ier ,  s ince magnitude is a logarithmic function of i n  - 
t ens i ty .  

The signal  from 

The amplifier must  be 

The video pulse w i l l  also be used t o  t r igger  gates t o  provide a 

non-destructive readout of t he  sca le rs  i n t o  two r eg i s t e r s .  As soon as t he  

r e g i s t e r s  are loaded, t h e  read-out programner w i l l  read than out i n  sequent@ 

and then rese t  t h e  hold c i r c u i t ,  thus opening the  gate  from the  master 

clock and s t a r t i n g  the  scan again. 

a star is encountered. The signal t ha t  c loses  the  ga te  should also tu rn  off 

t h e  scanning beam, lest the surrounding area of t he  mosaic be discharged by 

t h e  beam res t ing  on a s ingle  spot during the  r e l a t ive ly  long t i m e  required 

This process w i l l  be repeated each t i m e  
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t o  read out t h e  d i g i t a l  data.  

Assuming s t r a i g h t  binary coding for s impl ic i ty ,  t h e  information 

per  s t a r  i s  23 bits -- 9 each f o r  horizontal  and v e r t i c a l  pos i t ion  and 5 

f o r  magnitude, so t h a t  t he  maximum in fomat ion  content of a frame i s  3450 

b i t s ,  and t h e  average is about 1000 b i t s .  

means a naxirmun frame t h e  of about 1.35 sec and an average frame t i m e  of 

about 1.1 sec. If it is desired t o  cut t h i s  t i m e  down mater ia l ly  it w i l l  

be necessary t o  increase t h e  master clock frequency. 

With a 10 kc b i t  rate, t h i s  

As mentioned e a r l i e r ,  there  is a l so  a requirement for t e lev is ion  

i n  t h e  guidance of t he  s a t e l l i t e ,  

small telescope with a 2 degree f i e l d  as a p a r t  of closed loop posi t ioning 

eyataaa which w i l l  operate  t o  keep some p a r t i c u l a r  star within a very 

small area of the f i e l d .  

done on t h i s  system, but a stop and go scanning system such as described 

above would seem t o  be s u i t a b l e  for  t h i s  purpose. 

The general procedure w i l l  be t o  u6e a 

There has been l i t t l e  o r  no s p e c i f i c  design work 

The stop and go syrtem described is c e r t a i n l y  somewhat more 

complex than a conventional co~t inuous-scan TV system, but t h e  increase i n  

complexity would not seem t o  be prohib i t ive  i n  view of the  l a rge  saving i n  

bandvidth and required power. 

width for return-to-zero coding would be 10 kc, which is a 15 t o  1 advan- 

t age  in bandwidth over conventional TV, for  t h e  same fraane rate. 

a considerable amount of laboratory development would be needed t o  convert 

th is  bas ic  syrtem ou t l ine  to  a working eystan, but t he re  is  every reason 

t o  think the  idea is prac t i ca l .  Indeed, t h e  bas ic  idea, i n  a somewhat sim- 

p l e r  form, has already proven successful for facs imi le  transmission. 

fore it i s  recornended t h a t  fur ther  development of t h i s  system be made a 

With t h e  10 kc b i t  r a t e  spec i f ied ,  t h e  baud- 

Certainly 

There- 
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p a r t  of the  s a t e l l i t e  program. 

tems of d i g i t a l  transmisston of such s tar- f ie ld  pic tures  have been con- 

sidered,  but t h e  systan descrfbcd seems t o  be t h e  only one tha t  o f f e r s  a 

good chance of successful development. 

Another factor that  should be considered b r i e f l y  here  is t he  

ground s t a t i o n  port ion of the TI system. 

there w i l l  be a requirement both for viewing and recording the images. 

Since t h i s  is  continuous scan W t h i s  requirement w i l l  involve a conventional 

recaivmr and a videotape recorder, with such modifications as may be neces- 

sary because of t he  s l o w  scan. 

with t h e  recording: it vi11 be necessary to place t i m e  reference stgnals  on 

t h e  tape.  

na l s  from the time signal generator. This is indicated i n  the  block d i a -  

gram of the  ground s t a t ion ,  Figure XIX. 

It should be noted tha t  several  other  sys- 

Por t h e  data-gathering TI 

There is  one special  fea ture  i n  connection 

For t h i s  purpose the frame-sync pulses can be used t o  gate sig- 

Pic ture  s torage on t he  ground may be necessary with any slow 

speed system i f  t h e  display is attaupted with a conventional C.R.T. 

pers i s tence  of a C.R.T., i e  i n  general not adequate to  allow a pic ture  to be 

presented a t  a elow speed, i n  that t h e  port ion of t h e  p ic ture  f i r s t  scanned 

begins t o  fade by the  time the  l ae t  port ion is presented. 

The 

This method of 

display would not a l l w  an operator t o  view t h e  f i e l d  i n  i t s  r i g h t  per- 

spect ive 8nd would &e ident i f ica t ion  extremely d i f f i c u l t ,  i f  not im- 

possible.  However, i f  t he  slow speed d i g i t a l  da t a  is s tored temporarily, 

then displayed a t  a higher repet i t ion rate, C. R. T. persis tence is not 61 

problem. 
c 

The use of cathode r a y  s torage tubes have a l s o  been coneidered 

Some of these s torage tubes appear t o  have d e f i n i t e  f o r  a display uni t .  
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posoib i l i t io8  f o r  an application such as t h i s .  Rte Hughes Tonotron, f o r  

example, has been used successfully as a display tube in slow scan closed 

c i r c u i t  TV sym r*lc(pJIradar PPI display scope. Because of the wide 

var ia t ions  of t r igh tness  it preaents, the Tonotron seems t o  be t he  most 

prwrising of the manory tube types. 

t i o n  hoe no br ightners  var ia t ion  which would severely l i m i t  t h e i r  uaeful- 

neas i n  presenting star f i e l d s  for ident i f ica t ion .  

sacrifices memory the  f o r  brightness var ia t ion .  

50 l i n e s  per inch which should be more than adequate and a s torage time of 

approxtautcly one minute. 

t o  be taken of the tube presentation. 

on transparent backing could be used on t h e  photographs t o  aid in idemti- 

fying the  star field. 

In  most storage tubes the presenta- 

The Tonotron, however, 

It has a resolut ion of 

This storage time would allow several  photographs 

Overlays, consis t ing of star f i e l d s  

Bor t h e  stop-and-go finder TV, t h e r e  w i l l  be a requirement f o r  

This w i l l  r e q u i r e  a TV p ic tu re  tube tha t  w i l l  e s sen t i a l ly  viewing the  image. 

reverse the  sequence of operations described above i n  connection with the  

traaditcer. There does not scan t o  be any need f o r  recording the  s igna ls  

from t h i s  Tv system, 

recorder such as the  

but i f  t h i s  were desired f o r  some reason, a d i g i t a l  

Ampex FR-400 would be required. 
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The data storage requirements i n  the satellite are not severe 

w l i e n  compared t o  the  othar technicological requirements of t h i s  program. 

However, the cri t ical  pa r t  played by a da ta  stor& device requires tha t  

careful  consideration be given t h e  overall preblem. Special  a t t en t ion  

must be given t o  t h e  r e l i a b i l i t y  required of t h i s  device. Hence, t r i e d  

and proven techniques are to  be given preferen t ia l  treatment. 

Table I11 tabulates  the five experiments being performed i n  the 

O.A.O. program and indicates  t he  estimated maximum da ta  s torage require- 

ments of each. From theoe data  the maximum requirement is less than 

lo6 b i t s  during any one storage period, a f t e r  which the  s torage device 

TABLE 111 

I n s t i t u t i o n  Type of Experiment Exper i m e d t  a1 Haximum 
and Orbit Equipment B i t s  Stored 

Pequir ing 
Data Storage 

U of Michigan . Solar spectrometry. 3 Spectrometers 140,000 
Equatorial orbit continuous scan (For 1% ac- 

45 min. 20,000 curacy 
info b i t s  

Princeton 

Smfthsonian 

NASA 

LJ 

U of Wisconsin 

Stellar spectrometry. Programned.scan- 100,000 p l u s  
Polar o r b i t  ning epectrograph command program 

Sky mapping 3-color None ------------ 
photome t r y 
Equatorial o rb i t  

Spectrophotometric Spact rograph Experimenter 
me&sur emen t s w i l l  provide 
Equatorial o rb i t  data  s torage 

S t e l l a r  apectrometry Photomultipliers Not la rge  
Equacorial o rb i t  and ion uetectoi's 
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t o  accept fur ther  data. 

c l e a r i n a  ad r e se t t i ng  t;he register is 120 seconds, then 10 

stored, a b i t  rate of approximately 10 Kc would be adequate for  trana- 

mission of t h e  data. 

of various s torage  devices have been examined and are discussed b r i e f l y  

If it is assu~ncd that an acceptable time f o r  

6 b i t s  

With these f igures  as t e n t a t i v e  maxima, the merits 

telov. 

Magnetic Core Storage 

The us6 of f e r r i t e  cores f o r  s torage of t h e  da t a  in the satel- 

l i t e  has several  d i s t i n c t  advantages; (1) they do not requi re  moving 

p a r t s  for their operation (2) they can r e t a i n  t h a i r  memory throughout 

power f a i l u r e  (3) they are undoubtedly t h e  -st r e l i a b l e  e l ac t r en ic  com- 

ponent i n  use in modern electronics.  

Unfortuneately t h e  disadvantages associated with ueing f e r r i t e  

cores are as d i s t i n c t i v e  as their  advantages where even moderate amaunts 

of data  s torage are concerned. 

sary t o  make use  of core storage becomes extremely bulky and consumes a 

r e l a t i v e l y  l a rge  amount of power as t h e  da t a  volume increases beyond a 

few hundred bits. 

g i s t e r  becomes too fast for "mag-amps", ae is the c u e  at  hand, then 

t r anq i r to r s  and diodes t u e t  be used i n  the aerociated c i r c u i t s - i n  lax- 

numbers as the  number of cores increase. 

ing up t o  t h e i r  i n i t i a l  claims for r e l i a b i l i t y .  

device, t ha t  requires a l a rge  number of diodes f e r  i t s  operation, w i l l  m e e t  

t h e  longivity requirements of t h i s  sa te l l i te  progrcrm, is  not high. 

The read-in and read-out c i r c u i t r y  neces- 

Further,  when t h e  speed oE operation of t h e  mapory  re- 

Diodes i n  pa r t i cu la r  are not l i v -  

The probabi l i ty  t h a t  a 

Elec t ros t a t i c  Film Storage 

RCA has recent ly  developed a means fo r  deposit ion charge pa t t e rns  
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on an evacu8ted mylar f i l m .  

mylar d i e l e c t r i c  provides storage propert ies  t ha t  a r e  very desirable .  

Bead-in and read-out equipment for t h i s  type storage device would not be 

l a rge  or power consuming. 

be achieved simply. 

development s t age  and has not had su f f i c i en t  use t o  j u s t i f y  choosing it fo r  

t h i s  program. 

The low l a t e r a l  leakage a t ta ined  with the  

Further, relatively high speeds of operation could 

Unfortunately, t h i s  storage device is s t i l l  i n  the  

Magnetic Tape Recordin& 

Magnetic tape recording is one of t h e  o ldes t  and most proven 

Hovevcr, t h e  d i s -  methods of da ta  recording and storage in use today. 

advantages t h a t  are inmediately apparent f r m  the standpoint of t h i s  pro- 

gram are the  moving wheels necessary in t he  d r ive  assunbly and t h e  posri- 

b i l i t y  of tape oxide build-up on the  recording heads when running unattended 

fo r  long periods of time. 

of t he  two. 

recorders, and with the manufacturers representat ives  fo r  magnetic tape. 

In  addition t h e  experimental resu l t s  were observed of a test program evalu- 

a t ing  a magnetic tape recorder for t he  TIROS satellite. 

is t ha t  tape oxide build up with recorder running t i m e  is not a problem if 

the  proper tape is used i n  a w e l l  designed tape t ransport .  The problem is 

fur ther  c u r d  i f  tape speeds are not excessive. 

The l a t t e r  problm appeared t o  be the  more ser ious 

This problem wa6 discussed with several  manufacturers of tape 

The conclusion drawn 

The moving parte i n  t h e  recorder a r e  a disadvantage tha t  must be 

tolerated.  However, careful  a t ten t ion  t o  layout of t h e  ro ta t ing  pa r t s  

would allow a large amount of the angular momentum t o  be counter-balanced 

EO t ha t  the  e f f ec t  on t he  satellite s t a b i l i z a t i o n  system would not be large. 
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The power required to dr ive  the recorder meckunisrn is dependent 

The recorder would be run in a ~ M G  speed upon the speed of the recsrder. 

cycle ,  lov speed for recording dnd high speed f o r  playbad.. Tne power re- 

quired would be i n  d i r e c t  p.roportion t o  the  speed, however, t h e  high sped 

cycle  would be of short durat ion,  

to le rab le .  

Hence t h e  total power dra in  would be 

If d i g i t a l  data is recorded on the tape, t h e  signal-to-noise 

requirements are lessened with an attendant saving i n  the tape d r i v e  

mechanism complexity. This is also compatible with the proposed d ig i ta l  

telemetry system and would save data conversion equipment. 

There ate four generally accepted methods of recordirag d i g i t a l  

data  oa magnetic tape. 

sa tu ra t ion  a8 a "one" and ( 0 )  tape sa tu ra t ion  as a "zero", re turning to zero 

magnetic f l u  during the interval between abne*anrl a%sro*. 

t o  b i a s )  method uses a bias current near negative tape sa tu ra t ion  as an op- 

e ra t ing  point. "Ones" are written by dr iv ing  the tape t o  (+) saturation, 

"zeros" are not writ ten.  The R2 method i s  self-clocking in that a signal 

i s  available from each "one" and "zero" recorded. The RB must be gated to 

rees tab l i sh  the code and therefore i s  not seli-clocking. Ei ther  of the 

above methods may be used when high speed recording and maximum b i t  packing 

d e n s i t i e s  are not important. However, when it is necessary to put a greater 

number of bits per inch on t h e  tape, one of the  N U  (non-return to zero) 

methods provide greateot econory. The NU-(M)  (mark) method involves 

The RZ (rrturn to zero) method uses (+) tape 

RB (return 

changing the s t a t e  of the magnatfzation the tape from (+) saturation to 

( - )  sa tura t ion  or vice versa for each ''one': i n  the code, "%eroa" do not 

cause a change. The NRz-(C) (change) method uses (+) saturation for "ones" 



and (-) saturation for llzeros"; however, during any sequence of "ones" or 

%zeros" the s t a t e  of magnetization is not returned t o  a mid po in t .  If three 

zeros" are received €3 successiozl the s ta te  of magqetization remains a t  ?* 

(-) saturation for the period of the  three "zeros". 

Both of the NI(z methods of rec9rding require that  the play- 

back signals be  reshaped and gated to recover the coded information but 

have the advantage that a t  least twice the b i t  packing densit ies  are allou- 

able over the RZ methods. 

Read scatter and tape skew are two of t h e  more important factors 

. l h i t i n g  the maxlnum allowable b i t  packing d e n s i t i e s .  

eral determined by the mechanical design of the recorder being used. 

Figure X H  illustrates these defects.  Head s c a t t e r  is a result of the 

f inite  mechanical tolerances involved Ln keeping the recording heads for each 

track In exact aligninent. 

the b i t s  on the tape. If the scattering is  not large compared to the 

distance between bits, the information can still be separated on playback. 

However, when the bits are packed too tightly, overlaps from one word ta the 

next c m  Occur and when this occurs  the original information recorded 

cannot be resolved. 

These are in  gen- 

The slight misalignment a l l o w s  a scat ter ing  of 

Tape skew, on the other  hand r e s u l t s  froin the tape not being 

If Lhe angle between pul l ed  i n  a uniform direction across the heads. 

the direction of tape travel and the alignment of heads is not uniform, 

b i t  changes between recording 2nd playback, cverlap of the bits can occur. 

These problems can be a l l ev ia ted  to a certain extent by re- 

cording one or nore t r acks  o f  the tape clocking pul5es that. serve to 
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ga te  out  the skewed re la t ionship  beeween pulses.  This method is i l l u s -  

t r a t e d  i n  FigureXKIL 

It is des i r ab le  

coding the NRZ recording. 

is made of these recorded 

t o  record t h e  clock pulses  anyway f o r  use when de- 

In the manner i l l u s t r a t e d  above, two fold use 

clock p u l s e s .  The above techniques allow b i t  

packing dens i t i e s  of 500 bits / inch.  

Imperfections i n  the  magnetic tape  are not as detrimental  

in d i g i t a l  recording as they a re  i n  analog recording,with one exception. 

Complete "drop-outs" &ere there  is a hole in the  oxide coating can cause 

loss or mis in te rpre ta t ion  of a complete d i g i t a l  word. To alleviate t h i s  

problem or at least to  sense when t h i s  occurs, a p a r i t y  check is usual ly  

made on each word and the par i ty  b i t  recorded on one t rack  of t he  tape.  

A simple p a r i t y  check o f t en  used, is t o  count t h e  number of "ones" i n  the 

d i g i t a l  word. 

corded. I f  t h e  number is odd, no p a r i t y  b i t .  is recorded. The to t a l  num- 

ber  of "ones" acrom t he  tape  fo r  each word, including t h e  p a r i t y  b i t ,  is 

always an odd number i n  t h i s  manner. 

"ones" in each recorded word serve to  determine i f  t h e  word sensed is the 

same as the word recorded. This scheme f a i l s  t o  sense co r rec t ly  i f  an even 

number of "ones" are los t .  I f  t he  importance of correc t  da ta  warrants 

It, more complicated p a r i t y  checks can be made t o  determine i f  a wrong 

word is sensed. 

I f  t he  number is even, a p a r i t y  b i t  is generated and re- 

A simple count of t h e  number of 

In  a satel l i te  magnetic tape  da ta  s torage  system a moderately 

complex d i g i t a l  record and playback aystem could be used thit would record 

400 b i t s / i nch  on t h e  tape.  

14 t racks  are canrmnly used across the taps.  

With p a r a l l e l  mrd recording on a one inch tape 

I f  it is assumed t h a t  10 of 
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the t racks  are used for  da t a  storage, t h e  others  being set a s ide  for 

clocking pulses ,  etc., then a simple ca lcu la t ion  shovs t h a t  10 b i t s  

would require  only 250 inches (20.85 f t . )  of tape. 

It i a  obvious t h a t  t h e  assumed d i g i t a l  recording f igures  above do not 

represent an optimum system. 

tape but less complex c i r c u i t r y  t o  read-out the data.  

read-out t i m e  is held constant,  then more tape must be pulled by t h e  t ape  

heads i n  t h i s  period. 

are necessary with higher resul tant  angular momentum and more power consump- 

tion. The f inal  design will be a compromise between t h e  conf l ic t ing  

requirements but w i l l  ce r ta in ly  be well within the s ta te -of - the  art .  

6 

Less b i t  packing densi ty  would require longer 

However, i f  the 

To accomplish t h i s ,  higher tape t ransport  speeds 

. *  
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